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RADIO ASTRONOMICAL  STUDIES WITH 
1500"ETER DIAMETER LOW-FREQUENCY  TELESCOPE 
INTRODUCTION 
Observa t ions  in  the  rad io  f requency  por t ion  of  the  e lec t ro-  
magnetic spectrum have provided astronomers with information that 
has  great  promise of  yielding much be t t e r  unde r s t and ing  o f  t he  
universe .  The r ecen t ly   d i scove red   "pu l sa r s "   a r e   an  example  of 
new phenomena. C l o s e r  t o  home, t he  s tudy  o f  so l a r  r ad io  burs t s  
a t  metric and decametr ic  wavelengths  during the las t  solar  maxi- 
mum has provided important information about the physical condi- 
t i o n s   i n   t h e   s u n ' s   o u t e r   c o r o n a .  For  example,  observations  of 
c e r t a i n  s o l a r  bu r s t s  have made it poss ib l e  to  de t e rmine  e l ec t ron  
d e n s i t i e s  i n  coronal  s t reamers  out  to  about  3 s o l a r  r a d i i  from 
the  center   of   the   sun.  The e l e c t r o n  d e n s i t y  i n  coronal   s t reamers  
a t  t h i s  l e v e l  c o r r e s p o n d s  a p p r o x i m a t e l y  t o  a plasma frequency of 
2 0  MHz, which i s  c lose   t o   t he   ave rage   i onosphe r i c   cu to f f .  To 
s t u d y  t h e  p r o p e r t i e s  o f  s o l a r  b u r s t s  a t  lower  frequencies,  and 
t h e r e f o r e  to d e t e r m i n e  e l e c t r o n  d e n s i t y  a t  g r e a t e r  d i s t a n c e s  
from t h e  c e n t e r ,  it i s  n e c e s s a r y  t o  make observa t ions  from  above 
the  ionosphere.  The same i s  t r u e  for  low-frequency phenomena f o r  
o the r  r ad io  sou rces .  
The observable radio spectrum can be ex tended  to  f requencies  
wel l  be low the  ionospher ic  cu tof f  by  means of spaceborne experi- 
m e n t s  such as those  cur ren t ly  used  for  t h e  OGO and RAE spacecraf t .  
The in t ens i ty  va r i a t ions  o f  l ow- f requency  so la r  b u r s t s  as a 
funct ion of  t i m e  and frequency, as obtained from such experiments, 
w i l l  c e r t a i n l y  l e a d  t o  v a l u a b l e  i n f o r m a t i o n  on the  so l a r  co rona ,  
ga l ac t i c  sou rces ,  and  the  in t e rp l ane ta ry  and  in t e rga lac t i c  med ia .  
However, t he  necessa ry  s impl i c i ty  o f  t he  an tennas  w i l l  impose 
s e v e r e   l i m i t a t i o n s  on t h e  s p a t i a l  r e s o l u t i o n  a t t a i n a b l e .  Conse- 
quent ly ,  very little can be l ea rned  abou t  t he  s i ze ,  b r igh tness  
d is t r ibu t ion ,  and  mot ion  of t h e  b u r s t  s o u r c e s ,  a n d  d i f f i c u l t y  w i l l  
be encountered in  discr iminat ing between solar  and  var ious  o ther  
sources. 
The r e s o l u t i o n  of radio telescopes has always been the most 
i m p o r t a n t  l i m i t i n g  f a c t o r  i n  t h e  o b s e r v a t i o n  of  rad io  sources .  
The r e so lv ing  power of a te lescope  is  determined by the r a t i o  of 
thm2 wavelength of  observat ion to  the diameter  of t he  t e l e scope .  
Taking a t y p i c a l   o p t i c a l   w a v e l e n g t h ,  5  x c m ,  and a t y p i c a l  
radio wavelength,  5 x lo2 c m ,  it i s  a p p a r e n t  t h a t  a n  a p e r t u r e  
m u s t  be of  the order  of  lo7 times a s  wide t o  g i v e  t h e  same resolu-  
t i o n  a t  r a d i o  w a v e l e n g t h s  a s  a t  opt ical  wavelengths .  It  m u s t  have 
dimensions of  hundreds of  ki lometers  to  r ival  even the moderate  
s i z e  o p t i c a l  t e l e s c o p e s .  The d i f f i c u l t y  a n d  c o s t  o f  c o n s t r u c t i n g  
such enormous cont inuous-aperture  radio te lescopes are  prohibi t ive 
even on the ground, and in space where the wavelengths employed 
are  even longer ,  the problems become insurmountable. 
Fortunately,  however,  a grea t  dea l  of  in format ion  can  be 
obtained with lower resolution devices inasmuch as radio sources 
a r e  u s u a l l y  q u i t e  e n e r g e t i c  and o f t e n  q u i t e  " l a r g e "  i n  t h e  sense 
of  the  necessary  resolution  angle.   For  example,   there i s  evidence 
t h a t  some well-known  ty'pes of s o l a r  b u r s t s  go down a t  l e a s t  t o  
600 KHz ( t h e  plasma frequency for  an electron densi ty  of  4 .6  x 10 3 
~ m - ~ ) .  A rough  model of the  outer   solar   corona  es t imated  f rom 
o p t i c a l  z o d i a c a l  l i g h t  o b s e r v a t i o n s  (see Fig.  1) gives  600 KHz a s  
a coronal  plasma  frequency a t  about 1 2  s o l a r  r a d i i  (3" subtended 
a t  t h e  e a r t h )  from the   cen te r   o f  t h e  s u n .  I n  a d d i t i o n ,  t h e  b u r s t  
s o u r c e s  a r e  l i k e l y  t o  s u b t e n d  a n  a r c  o f  a b o u t  1" a t  such long 
hectometric wavelengths. 
A technology development program i s  being conducted by NASA 
Goddard  Space F l i g h t  C e n t e r  t o  c r e a t e  t h e  t e c h n i c a l  knowhow t o  
suppor t  the  des ign  of  an  orb i t ing  "Low Frequency Radio Telescope" 
hence fo r th   i den t i f i ed   a s  LOFT (see Ref. 1) .  The l a r g e   s i z e  
(approximately one m i l e )  of  t h i s  radio astronomy research tool  
a r i s e s  f rom the  des i r ab i l i t y  to  s tudy  w i t h  good r e s o l u t i o n  t h e  
low frequency ( 0 . 5  t o  1 0  MHZ) r ad io  emis s ions  tha t  do not  pene- 
t r a t e  t h e  ea r th ' s  i onosphe re .  A n  a r t i s t ' s  r e n d i t i o n  o f  t h e  LOFT 
is shown i n  Figure 2 .  I t  c o n s i s t s  o f  a near ly   parabolo ida l  
re f lec tor  of  very  la rge  s ize  (1500-meter  aper ture  was selected 
for  de ta i led  s tudy)  which  is  composed of a tenuous network of 
conducting  ribbons. The conf igura t ion  i s  launched  into a high 
o r b i t  (-6000 k m )  i n  a t i gh t ly   packaged   s t a t e .  Deployment  and 
cen t r i fuga l  s t i f f en ing  a re  ach ieved  by spinning about t h e  a x i s  
of  symmetry. A deployable   central   compression column forms  the 
sp ine  of t he  veh ic l e  and connects t h e  base  of  the  parabolo id  to  
the  broad-band  feed a t  t h e  f o c u s .  The  column a l s o  r e a c t s  t e n s i o n  
loads i n  t h e  f r o n t  s t a y s  which p u l l  t h e  r e f l e c t o r  i n t o  s h a p e .  
Poin t ing  of  the  rad io  te lescope  is  achieved by circulat ing c u r -  
r en t s  around the n e t  and in t e rac t ing  wi th  the  geomagne t i c  f i e ld .  
A s  p resent ly  conce ived ,  the  LOFT (1500 meters diameter) w i l l  
o p e r a t e   i n  two modes: s imple  te lescope mode and in t e r f e romete r  
2 
mode. In  the  s imple  te lescope  mode it w i l l  have a p e n c i l  beam 
of  about 3 O  x 3 O  a t  4 MHz, and lo x 1" a t  10 MHz. This  reso lu-  
t i on ,  t hough  no t  a s  good as might be d e s i r e d ,  w i l l  be u s e f u l  f o r  
c e r t a i n  s t u d i e s  o f  s o l a r  bursts.  For  example,  even  with a 4 O  
beam, one should be able t o  d e t e r m i n e  t h e  p o s i t i o n  o f  s o u r c e s  t o  
an accuracy of about 2 0 '  a r c ,  which i s  adequate i n  view of t h e  
f a c t  t h a t  bu r s t  s o u r c e s  a r e  l i k e l y  t o  be o f  l a rge r  s i ze .  The 
pos i t ions  thus  de te rmined ,  when combined wi th  a proper  in te rpre-  
t a t i o n  of  the  genera t ing  mechanisms of c e r t a i n  r a d i o  bursts,  
c o u l d  l e a d  t o  d e t e r m i n a t i o n s  of e l e c t r o n  d e n s i t y  i n  t h e  o u t e r  
co rona  ou t  t o  d i s t ances  o f  t he  o rde r  o f  50-100 s o l a r  r a d i i .  
I t  i s  obv ious  tha t  t he  same bas ic  ins t rument  w i l l  a l s o  y i e l d  
information on t h e  s p a t i a l  d i s t r i b u t i o n  o f  d i s c r e t e  r a d i o  s o u r c e s  
including external  galaxies ,  gaseous nebulae,  supernova remnants ,  
e t c .  
The c o l l e c t i n g  a r e a  o f  LOFT w i l l  be of the  order  of LO6 
square  meters ,  and  therefore  it should yield information on t h e  
br ightness  and  pos i t ion  of  a l a r g e  number o f  rad io  sources .  
Whi le  reso lu t ions  of  severa l  degrees  cannot  be  cons idered  very  
good on t h e  b a s i s  of  present-day s tandards for  galact ic  and 
e x t r a g a l a c t i c  r e s e a r c h ,  t h e  s i t u a t i o n  i s  roughly the same a s  
e x i s t e d  some ten  years  ago  a t  meter  wavelengths .  
I n  t h e  fo l lowing  sec t ions  some o f  t he  r ad io  sou rces  a re  
d iscussed  i n  d e t a i l  and the usefulness  of  the LOFT i n s t r u m e n t  
assessed .  
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STUDY OF SOLAR RADIO BURSTS 
W e  s h a l l  f i r s t  r e v i e w  o u r  knowledge of solar radio emissions 
and then d i s c u s s  poss ib le  exper iments  t h a t  can be done a t  low 
f requencies  by means of LOFT. 
Solar  radio emission can be d iv ided  b road ly  in to  th ree  ca t e -  
go r i e s .  The radio  emission  f rom  the q u i e t  sun  - t h a t  i s ,  t h e  
emiss ion  tha t  a r i ses  f rom the  so la r  a tmosphere  i n  the absence of 
any  act ive  region.  I t  is caused  by  f ree- f ree  t rans i t ions  of  
e l e c t r o n s  i n  thermodynamic  equilibrium; it has  a black-body 
spectrum - t h a t  i s ,  it d i e s  away toward longer wavelengths (meter 
and  decameter  wavelengths).  Consequently i n  t h e  r eg ions  of t h e  
r a d i o  s p e c t r u m  w h i c h  a r e  o f  i n t e r e s t  t o  LOFT, the  qu ie t  sun  
emission may not have much importance.  This i s  even more so  s i n c e  
t h e  s t rong  ga lac t i c  background  tha t  i s  observed a t  low f requencies  
w i l l  make the contrast  between the sun and galact ic  background 
become less prominent. The second  component  of  solar  radio  emis- 
s i o n  i s  the  slowly  varying  component. T h i s  component i s  c l o s e l y  
a s soc ia t ed  wi th  sunspo t s ,  and  p l age  r eg ions  a s  obse rved  a t  op t i -  
cal   wavelengths .  I t  appears  and  disappears i n  f a i r l y  c l o s e  a g r e e -  
ment w i th  the  l a t t e r  and  i s  a l s o  c o r r e l a t e d  w e l l  w i t h  t h e  t i m e  
v a r i a b l e  p a r t  o f  t he  d rag  expe r i enced  by  ea r th  sa t e l l i t e s  i n  t h e  
outer   a tmosphere  of   the   ear th .  The spectrum of the  slowly  vary- 
i n g  component has a maximum around 5-6 c m  wavelength and decreases 
sharply toward both millimeter and meter wavelengths. I t  has  not  
been  observed  below  about 150 MHz. Obviously  this  component  pre- 
sents no i n t e r e s t  f o r  LOFT observa t ions .  
The d i f f e r e n t  k i n d s  o f  s o l a r  b u r s t s ,  on the other hand, have 
a spectrum  which  generally  increases  toward low f requencies .  Con- 
sequent ly ,  these  t rans ien t  emiss ions  w i l l  b e  o f  g r e a t  i n t e r e s t  
when observat ions can be made from beyond the earth 's  atmosphere.  
A s  the  f requencies  on which b u r s t  r a d i a t i o n  o c c u r s  a r e  r e l a t e d  t o  
t h e  e l e c t r o n  d e n s i t y  i n  t h e  c o r o n a  a t  t h e  r e g i o n  of or ig in ,  any  
observat ions of  bursts a t  LOFT f requencies  w i l l  r e f e r  t o  c o r o n a l  
r e g i o n s  f u r t h e r  o u t  from t h e  sun  than can be s t u d i e d  a t  p r e s e n t .  
Such  observa t ions  a re  expec ted  to  y ie ld  informat ion  about  t h e  
expuls ion of  par t ic le  c louds and magnet ic  f ie lds  f rom t h e  chromo- 
s p h e r e  a t  t i m e s  of s o l a r  f l a r e s .  One p i c t u r e s  t h e  e j e c t i o n  o f  
swarms of e n e r g e t i c  p a r t i c l e s  c a r r y i n g  m a g n e t i c  f i e l d  w i t h  them 
on the i r  passage  up through the corona and ei ther  carrying on 
i n t o  i n t e r p l a n e t a r y  s p a c e  o r  b e i n g  r e t a i n e d  a t  h i g h  l e v e l s  a n d  
s lowly  d iss ipa t ing  the i r  energy  by  rad io  f requency  emiss ion  
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c a u s e d  b y  s p i r a l i n g  i n  t h e  f i e l d .  A g r e a t  d e a l  i s  known regard ing  
t h e  e j e c t i o n  p h a s e ,  b u t  we  know very l i t t l e  abou t  t he  t r app ing  tha t  
t a k e s  p l a c e  a t  h i g h e r  l e v e l s  and  the  leakage  or  d i rec t  escape  of 
p a r t i c l e s   i n t o   i n t e r p l a n e t a r y   s p a c e .   T h i s   t r a p p i n g   p h a s e ,   w i t h  
s p e c i a l  r e f e r e n c e  t o  t h e  s t r u c t u r e  and evolut ion with t i m e  w i l l  
be p a r t i c u l a r l y  i n t e r e s t i n g  f o r  LOFT. 
The quie t  sun  rad ia t ion ,  a l though dominated  by  s torm and  b u r s t  
r a d i a t i o n s ,  may be a n  i n t e r e s t i n g  t o p i c  f o r  i n v e s t i g a t i o n ,  p a r t i c -  
u l a r l y   a t  times when the  sun  passes  in  f ront  of  the  Mi lky  Way and 
ac t s  a s  an  obscur ing  ba l l  o f  lesser br ightness  than the background 
sky. A t  o the r   t imes ,   t he  image of   the  galaxy,  much diminished, 
w i l l  appea r  r e f l ec t ed  in  the  ou te r  co rona .  I t  i s  q u i t e  p o s s i b l e  
t h a t  i n t e r e s t i n g  p r o p e r t i e s  o f  t h e  s o l a r  o u t e r  c o r o n a  w i l l  be  
revealed by observat ions of t h e  e f f e c t s  on the galact ic  background 
caused by  t h e  s u n  over a range  of low f requencies .  This  may we l l  
be a me thod  o f  mon i to r ing  the  t r ans i en t  e f f ec t s  o f  so l a r  f l a r e s  
by  r eco rd ing  ga lac t i c  no i se  a s  it propagates  through the s u n ' s  
corona. The s u n ' s   a c t i v i t y ,   a s  w e  know, in f luences   t he   i n t e rp l ane -  
t a r y  p l a s m a ,  e s p e c i a l l y  t h e  i r r e g u l a r i t i e s  o f  i t s  e l e c t r o n  d e n s i t y  
and  magnetic  f ield.  One way o f  mon i to r ing  th i s  ac t iv i ty  i s  through 
obse rv ing  the  in t e rp l ane ta ry  sc in t i l l a t i ons  o f  sma l l -d i ame te r  
ex t r aga lac t i c   sou rces .  It i s  q u i t e  l i k e l y  t h a t  t h i s  phenomenon a s  
observed on LOFT f requencies  w i l l  be a very good i n d i c a t o r  of t h i s  
a c t i v i t y ,  and consequently of s o l a r  wind. 
So la r  B u r s t s  
A s  mentioned e a r l i e r ,  t h e  most  obvious solar  s tudy that  can 
be done  with LOFT i s  the  s tudy  of  so la r  bursts .  S o l a r  r a d i o  
astronomy was s t a r t e d  i n  1942 w i t h  the  discovery by Hey of  in tense  
nonthermal  solar  radio emission a t  meter wavelengths, and by 
Southworth of  thermal  radiat ion from the sun a t  centimeter wave- 
lengths .  However, because  of   the  war ,   not  much w a s  done u n t i l  
1946.  During  the maximum o f  s o l a r  a c t i v i t y  (1947-48)  which f o l -  
lowed th is  d i scovery ,  on ly  i so la ted  observa t ions  were  taken  s ince  
n o t  many ins t ruments  w e r e  ava i lab le  for  observ ing  the  sun  sys teml  
a t i c a l l y .  However, t hese   obse rva t ions  w e r e  h e l p f u l   f o r   t h e  
deve lopment  of  appropr ia te  ins t ruments  for  so la r  s tud ies  dur ing  
t h e  n e x t  s o l a r  maximum. Sys temat ic  observa t ions  made du r ing  the  
l as t  so l a r  cyc le  have  g rea t ly  improved our knowledge of solar 
physics  and have,  in  a way, revolut ionized our  understanding of  
s o l a r - t e r r e s t r i a l   r e l a t i o n s h i p s .  These  observat ions  and  their  
i n t e rp re t a t ions  have  been summarized in  seve ra l  r ev iews  ( e .g . ,  
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Ref. 2) a n d  i n  a comprehensive  book on so lar  rad io  as t ronomy ( R e f .  
3) .  It  i s  q u i t e  clear t h a t  a s  a r e s u l t  of 20  yea r s  r e sea rch ,  we  
have a f a i r l y  c o n s i s t e n t  p h y s i c a l  p i c t u r e  o f  t h e  r a d i o  s u n  a t  
meter and  centimeter  wavelengths.  But  our  knowledge a t  t h e  t w o  
ends  of  the  so la r  rad io  spec t rum,  millimeter and decameter- 
hectameter  wavelengths, i s  no t   adequa te .   In   pa r t i cu la r ,   because  
of  lack  of  h igh  reso lu t ion  observa t ions ,  the  na ture  of  the  sources  
of the slowly varying component and of bursts  a t  millimeter wave- 
lengths  i s  r e l a t i v e l y  unknown. For  the same reason ,  w e  know very 
l i t t l e  of  the  pos i t ion ,  mot ion ,  and  s t r u c t u r e  o f  b u r s t  sources  a t  
decameter and hectameter wavelengths,  particularly as a func t ion  
of frequency. Even a t  meter wavelengths  where  systematic  and 
extensive observat ions have been made, the  na ture  of  b u r s t  sources  
does  not  seem t o  be fu l ly   unders tood .   Indeed ,   recent  t w o -  
d imens iona l  observa t ions  ( so la r  maps) t aken  r ap id ly  (1 per  second) 
wi th  a r e so lu t ion  o f  3 '  a rc  by  the  Aus t ra l ian  rad iohe l iograph  (Ref .  
4)  have  demonst ra ted  tha t  fas t  phenomena i n  the  sun ' s  upper  corona  
may o r i g i n a t e  from several  regions s imultaneously,  and they occur  
in  such  a manner a s  t o  s u g g e s t  some kind of magnetic l inkage be- 
tween d i f f e r e n t  r e g i o n s  s i t u a t e d  a t  w i d e l y  s e p a r a t e d  l o c a t i o n s  on 
the  sun.  There i s  obviously a need fo r  t he  p roduc t ion  of s i m i l a r ,  
fas t ,  two-dimensional  maps a t  b o t h  mil l imeter  and decameter- 
hectameter  wavelengths. However, t h e   s o l a r  phenomena t h a t   o c c u r  
a t  mill imeter w a v e l e n g t h s  a r e  n o t  n e a r l y  a s  f a s t  a s  a t  meter wave- 
lengths ,  and so one  can be content with two-dimensional maps taken 
a t  a s lower   ra te .  Of course ,  a t  decametric-hectametric  wavelengths 
one  should  ideally  have  rapid  two-dimensional maps. However,  any 
kind of  image synthes is  or  p ic ture- tak ing  ins t rument  i s  q u i t e  i n -  
volved. On the  other   hand,  a g rea t  dea l  can  be understood  regard- 
i n g  t h e  p h y s i c a l  n a t u r e  o f  t h e  s o u r c e s  o f  f a s t  phenomena and  con- 
sequent ly  of  plasma instabi l i t ies  in  the upper  corona from an 
intensive s tudy of  decameter-hectameter  wavelength act ive regions 
simultaneously a t  a number of   f requencies .   These   a re   p rec ise ly  
t h e  s t u d i e s  for which the LOFT can be q u i t e  s u i t a b l e .  
The b u r s t s  a t  meter and decameter wavelengths are character-  
i zed  by  grea t  var ie ty  and  complexi ty .  They a r e  c l a s s i f i e d  i n t o  
f i v e  t y p e s ,  p r i n c i p a l l y  on t h e  b a s i s  o f  t h e i r  s p e c t r a l  c h a r a c t e r -  
ist ics:  type  I ,  o r  s to rm rad ia t ion  cha rac t e r i zed  by  s lowly  va ry -  
ing,  cont inuous radiat ion with superposed short- l ived narrow- 
bandwidth b u r s t s ;  d r i f t i n g  b u r s t s  of  type I1 and  'type 111; long 
las t ing  cont inuum burs t s  of  type  I V ;  and  short-l ived  continuum 
bursts of  type V. The dynamic spec t r a  o f  t hese  bursts  i n  t h e  
frequency-time domain a r e  i l l u s t r a t e d  i n  F i g u r e  3. All such 
bursts  wi th  the  except ion  of  a minori ty  of  type I b u r s t s  are 
a s s o c i a t e d  w i t h  s o l a r  f l a r e s .  
Type I ,  or  no ise  s torm rad ia t ion ,  cons is t s  of  a slowly 
varying broad-band enhancement of the continuous solar radiation, 
l a s t i n g  from a  few h o u r s  t o  a  few days,  on which are superimposed 
series of  narrow-band ( -  5 MHz) bursts  ( type  I ) ,  each of which 
l a s t s  from a f r ac t ion  o f  a second  to a  few seconds. The r a d i a t i o n  
i s  s t r o n g l y  c i r c u l a r l y  p o l a r i z e d ,  a n d  t h e  o n s e t  o f  t h e  bu r s t s  may 
o c c u r  i n  a s s o c i a t i o n  w i t h  f l a r e s  o r  w i t h  t h e  a p p e a r a n c e  o f  v i s -  
ible ac t ive  r eg ions  on t h e  s o l a r  d i s k .  
Type I1 and type I11 burs t s  a r e  i n t e n s e  events of minutes '  
and   seconds '   dura t ion ,   respec t ive ly .   Thei r   spec t ra   cons is t   o f  
emis s ion  f ea tu res  tha t  d r i f t  t oward  lower  f r equenc ie s  a t  r a t e s  
of  about 1 MHz/sec and 20 MHz/sec, r e spec t ive ly .  I t  i s  remarkable 
t h a t  t h e s e  a r e  t h e  o n l y  two d is t inc t  nar row-range-of -dr i f t - ra te  
values  observed on meter  wavelengths .  These  dr i f t ing  burs t s  a re  
i n t e r p r e t e d  t o  b e  due t o  plasma o s c i l l a t i o n s  a t  t h e  local plasma 
f requency ,  and  th i s  in te rpre ta t ion  has  been  suppor ted  by  d i rec-  
t i o n a l   o b s e r v a t i o n s .  The plasma  frequency  depends on t h e  e l e c t r o n  
d e n s i t y  t h a t  d e c r e a s e s  w i t h  h e i g h t  i n  the  solar  atmosphere.  Thus, 
on the assumption of a model e l e c t r o n  d e n s i t y  d i s t r i b u t i o n ,  t h e  
two c h a r a c t e r i s t i c  d r i f t  r a t e s  imply the existence of two d i s -  
t i n c t i v e  t y p e s  o f  burs t s ,  " s l o w  d r i f t "  a n d  " f a s t  d r i f t " ,  whose 
exci t ing sources  t ravel  outward through the solar  a tmosphere with 
ve loc i t ies  of  about .1000 km/sec ( type  11) and 100,000 km/sec 
( type  111). Second  harmonics  are  observed i n  many cases .  
Type I V  b u r s t  i s  a p a r t i a l l y  p o l a r i z e d ,  smooth  continuum 
emission,  occurr ing over  a very wide range of frequencies between 
centimeter and decameter waves and lasting from about 10 minutes 
t o  a  few hours.  Wide d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  o f  t y p e  
I V  even t s  on d i f f e ren t  wave leng ths  sugges t  t ha t  t hey  o r ig ina t e  
from d i f f e r e n t  s o u r c e s .  The type I V  source on meter  waves  gener- 
a l l y  h a s  a l a r g e  a n g u l a r  s i z e  a n d  a n  i n i t i a l  t r a n s v e r s e  v e l o c i t y  
of about a  few thousand km/sec. 
The type V b u r s t  i s  a s imi la r  cont inuum event  tha t  l as t s  
only from a  few seconds t o  a  few m i n u t e s  and is  near ly  a lways 
l imi t ed  to  me te r  waves. 
Figure 4 shows the  spec t r a  o f  s t rong  r ad io  bursts  and contin- 
uum s to rms  in  r e l a t ion  to  those  o f  t he  qu ie t  s u n  and the s lowly 
varying  component. The phenomenology  of d i f f e r e n t  f l a r e - a s s o c i a t e d  
b u r s t s  can be descr ibed  as  fo l lows .  
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Almost  s imultaneously with the explosive phase of  the H a  
f l a r e   t h e r e  i s  a sudden  re lease  of   about   or  so e l e c t r o n s ,  
p o s s i b l y  i n  v a r i o u s  d i r e c t i o n s .  Some o f  t h e s e  e l e c t r o n s  move  down 
to  the  t r app ing  r eg ion  and  a re  acce le ra t ed  by  the  Fe rmi  mechanism 
in  the  ac t ive  r eg ion  tha t  con ta ins  the  sunspo t  magne t i c  f i e ld  and  
has  a d e n s i t y  s e v e r a l  times the  co rona l  dens i ty .  They c a n  a t t a i n  
ene rg ie s  up t o  500 KeV or  h igher ,  p rovided  tha t  mechanica l  energy  
i n  t h e  form of shock waves i s  a l s o  r e l e a s e d  from t h e  f l a r e  e x p l o -  
s ion .  The fas t   e lec t rons   p roduce   the   impuls ive  b u r s t  on c e n t i -  
meter waves by nonthermal bremsstrahlung and synchrotron mechanism 
and the very high-energy x-ray b u r s t  b y  nonthermal bremsstrahlung. 
Simultaneously with the downward moving e l ec t ron  s t r eams ,  a stream 
o f  acce le ra t ed  e l ec t rons  i s  a l s o  e j e c t e d  upward. This  stream  of 
h igh -ene rgy  pa r t i c l e s  t r ave l s  a long  co rona l  s t r eamers  wi th  ve loc -  
i t i e s  of l o 5  km/sec  and exc i t e s  l ong i tud ina l  p l a sma  osc i l l a t ions  
s u c c e s s i v e l y  a t  d i f f e r e n t  l e v e l s  o f  t h e  c o r o n a l  p l a s m a ,  which 
a f t e r  b e i n g  t r a n s f o r m e d  i n t o  t r a n s v e r s e  EM waves by s c a t t e r i n g  on 
d e n s i t y  and  charge  f luc tua t ions ,  a re  observed  as  type  111 bursts. 
Fol lowing the col lapse of  an important  f lare ,  a cloud of gas with 
a hydromagnetic  shock  front i s  a l so   e jec ted .   This   c loud   of   gas  
with the magnetohydrodynamic shock front ahead of it a l s o  t r a v e l s  
a long a co rona l  s t r eamer  wi th  ve loc i t i e s  of 1000 km/sec and, on 
reaching  coronal  reg ions  of  suf f ic ien t ly  low d e n s i t y  ( f p - 1 0 0  
MHz) and low co l l i s ion  f r equency  (1 H z ) ,  e x c i t e s  l o n g i t u d i n a l  
plasma o s c i l l a t i o n s  s u c c e s s i v e l y  a t  d i f f e r e n t  l e v e l s  i n  the corona. 
These longi tudinal  plasma waves conve r t ed  in to  t r ansve r se  e l ec t ro -  
magnet ic  rad ia t ion  b y  Rayleigh and combination scattering a t  den- 
s i t y  and  charge  f luc tua t ions  in  the  coronal  p lasma are  observed  as  
type I1 bursts.  Pa r t  o f  t he  same shock wave p ropaga te s  in to  the  
chromosphere and i s  r e s p o n s i b l e  f o r  t h e  a c c e l e r a t i o n  o f  e l e c t r o n s  
and  protons. Some of  the  acce lera ted  pro tons  a re  capable  of  over -  
coming t h e  t rapping magnet ic  f ie ld  and are  therefore  observed as  
ground-level   cosmic  ray  increases .  The a c c e l e r a t e d   e l e c t r o n s   r e -  
main trapped and radiate synchrotron radiation which i s  observed 
as centimeter and decimeter wavelength type I V .  
The l a t e  p h a s e  o f  l a r g e  f l a r e s  a l s o  i n d i c a t e s  t h e  e x i s t e n c e  
of large clouds of  e lectrons t rapped within the sunspot  magnet ic  
f i e l d s  b o t h  i n  the chromosphere as well  as i n  the  corona  out  to  
seve ra l   so l a r   r ad i i .   These   a r e   t he   e l ec t rons   r e spons ib l e   fo r   t ype  
I V  continuum radiation, which occurs i n  t h r e e  d i s t i n c t  p h a s e s .  
The f i r s t  p h a s e ,  o r  t y p e  I V  A, occurr ing  on centimeter and deci-  
meter wavelengths is  due to  synchro t ron  r ad ia t ion  o f  e l ec t rons  
re leased  dur ing  t h e  f l a r e ,  subsequen t ly  acce le ra t ed  b y  a Fermi- 
l i k e  mechanism and trapped i n  t h e  s u n s p o t  m a g n e t i c  f i e l d  a t  low 
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al t i tudes  of   the   chromosphere.  The second  phase,  or  "moving" 
type I V  ( t y p e  IV B )  occur r ing  on meter and decameter waves i s  a l s o  
s y n c h r o t r o n  r a d i a t i o n  f r o m  r e l a t i v i s t i c  e l e c t r o n s  h i g h  i n  t h e  
corona. The necessary  magnet ic  f ie ld  may be the  sunspot  mag- 
n e t i c  f i e l d  o r  a f rozen- in  magne t i c  f i e ld  ca r r i ed  by  the  f l a r e -  
e j ec t ed  p l a sma  c loud  to  h ighe r  a l t i t udes .  The  number o f  e l ec t rons  
r e q u i r e d  f o r  t h i s  e m i s s i o n  i s  of the order of 100 ~ m ' ~  of 1 MeV 
energy, assuming a magnet ic  f ie ld  of  severa l  gauss  i n  the corona. 
The ene rgy  o f  t he  e l ec t rons  r ad ia t ing  type  I V  A i n  t he  s t ronge r  
sunspot  magnet ic  f ie ld  a t  lower a l t i tudes  ranges  f rom a  few hun- 
dred KeV t o  1 MeV. The th i rd  phase  o f  " s t a t iona ry"  type  I V  ( t ype  
I V  C and continuum storm) appears t o  be due t o  Cerenkov plasma 
r a d i a t i o n .  It  has  been  sugges ted  tha t  h igh  energy  par t ic les  
e j e c t e d  and a c c e l e r a t e d  d u r i n g  t h e  f l a r e  would remain trapped 
near the sun i n  magnet ic  configurat ions probably associated with 
coronal  streamers.   With  the  gradual  weakening  of  the  magnetic 
f i e . l d ,  these ene rge t i c  pa r t i c l e s  s lowly  d i f fuse  in to  the  s t r eam-  
e r s  and excite Cerenkov plasma waves which transfer part  of their  
ene rgy  d i r ec t ly  to  e l ec t romagne t i c  waves. A t  a still l a t e r  s t a g e  
o f  t he  f l a r e ,  t he  type  I V  C and continuum storm degenerates into 
an ordinary noise storm. 
Extension " -  - of ~ s o l a r  ~- ~ r a d i o  ~ bursts t o  Low frequencies .  - D r i f t -  
i ng  b u r s t s  of type I1 and type 111, and continuum b u r s t s  of type 
I V  a re  expec ted  to  ex tend  be low 20 MHz. A s  revealed by the RAE 
da t a  ( R e f .  5) by f a r  t h e  most   f requent ly   occurr ing  type  of  b u r s t  
a t  low f requencies  i s  t h e  type I11 b u r s t .  Another  category  of 
bursts - type I V  - i s  a l s o  l i k e l y  t o  be frequent ly  observed during 
s o l a r  maximum because of  the very nature  of the  genera t ing  mechan- 
i s m ,  t h a t  i s ,  from e n e r g e t i c  p a r t i c l e s  s t o r e d  i n  r e g i o n s  f a r  i n  
the outer  corona.  
Type I11 bursts.  - Type I11 bursts have been de tec ted  by  the  
sweep frequency receivers aboard the Alouette and RAE-A s a t e l l i t e s  
and have been found to  extend with apparent ly  undiminished inten-  
s i t y  down t o  a s  f a r  as 550 KHz, which i s  the lower frequency l i m i t  
o f . t h e  RAE equipment.  In  type I11 b u r s t s ,  t h e r e  i s  a r a p i d  d r i f t  
of t h e  frequency of maximum i n t e n s i t y  toward lower frequencies a t  
a r a t e  of about 20  MHz/sec a t  100 MHz. The r a t e  d e c r e a s e s  a t  low- 
er f requencies .  It  i s  gene ra l ly  be l i eved  tha t  t ype  I11 b u r s t s  
a r e  plasma o s c i l l a t i o n s  e x c i t e d  by  a s t ream of  e lec t rons  moving 
outward  f rom the  v ic in i ty  of  an  ac t ive  reg ion  i n  the lower atmos- 
phere  of  the  sun. The frequency  of maximum i n t e n s i t y  a t  a p a r t i c -  
u l a r  i n s t a n t  would t h e r e f o r e  be the plasma frequency co'rresponding 
to  the  l eve l  r eached  by  the  sou rce  i n  i ts  progress outward. 
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Consequently, from a comparison of measured source posit ions and 
f r e q u e n c y  d r i f t  r a t e s  one  can  de termine  e lec t ron  dens i ty  prof i le  
i n   t he   co rona .  High   f requency   observa t ions   ind ica te   tha t   e lec t ron  
d e n s i t i e s  i n  the outer corona are roughly an order of magnitude 
h ighe r  t han  tha t  expec ted  from ext rapola t ing  opt ica l  measurements  
beyond  about 2 so l a r  r ad i i .  Th i s  can  be exp la ined  by  pos tu l a t ing  
tha t  t he  d i s tu rbances  wh ich  l ead  to  so l a r  burs t s  t r a v e l  o u t  from 
ac t ive  reg ions  a long  coronal  streamers i n  which t h e  e l e c t r o n  den- 
si t ies are an order of magnitude higher than i n  the ambient corona. 
Studies  of  type I11 b u r s t s  have been conducted a t  many frequen- 
c i e s  i n  the metr ic  and decametr ic  range so  t h a t  t he  e lec t ron  den-  
s i t y  d i s t r i b u t i o n  i n  s t r e a m e r s  o v e r  a c t i v e  s o l a r  r e g i o n s  o u t  t o  
about  3 s o l a r  r a d i i  h a s  b e e n  f a i r l y  w e l l  determined.  Figure 5 pre- 
s e n t s  a review of what i s  known a b o u t  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  
i n  the  corona  (Ref.  6 ) .  The shaded  areas  marked "pole"  and 
"equator"  ind ica te  the  range  of  op t ica l  ec l ipse  observa t ions  of  
the   coronal   e lec t ron   dens i ty   over   those   reg ions .  The so l id   cu rves  
show the models of van de H u l s t  der ived  f rom ec l ipse  observa t ions ,  
whereas the  broad  shaded  area  near  the  top  of  the  f ie ld  labe led  
" s t r eamer"  r ep resen t s  t he  e r ro r  l i m i t s  o f  de te rmina t ions  based  on 
type I11 (dots)   and  type I1 bursts ( c r o s s e s ) .  The s h o r t   s o l i d  
curve i s  N e w k i r k ' s  streamer model based on opt ical  coronameter  
observations,  and the dashed curve and small  shaded area nearby 
give Hepburn's and Schmidt 's  optical  eclipse measurements of 
s t reamers .  The long   so l id   cu rve  i s  van   de   Hu l s t ' s   equa to r i a l  
maximum model increased by a fac tor  of  ten .  
D i rec t iona l  obse rva t ions  made wi th  LOFT a r e  l i k e l y  t o  e x t e n d  
t h e  e l e c t r o n  d e n s i t y  p r o f i l e  o u t  t o  r o u g h l y  50 - 100 s o l a r  r a d i i .  
This  extension w i l l  be of utmost importance from the point of view 
o f  so l a r  phys i c s  and  so la r - t e r r e s t r i a l  phys i c s .  By d i r e c t  meas- 
urements  of phys ica l  condi t ions  f rom sa te l l i t es  and space probes, 
t h e  i n t e r p l a n e t a r y  medium n e a r  t h e  e a r t h ' s  o r b i t  c a n  be explored. 
However, t he  r eg ion  ou t  t o  50 s o l a r  r a d i i  (1/4 t h e  d i s t a n c e  t o  t h e  
ear th)   can  be i n v e s t i g a t e d   o n l y   i n d i r e c t l y .  I t  appea r s   t ha t   t he  
LOFT s o l a r  b u r s t  observa t ions  w i l l  o f f e r  a f ru i t fu l  approach ,  p ro -  
viding information on p o s i t i o n s  o f  b u r s t  s o u r c e s  a t  s u c c e s s i v e  fie- 
quencies  and  consequently on ve loc i t i e s  o f  t ype  I11 bursts.  Th i s ,  
t oge the r  w i th  the  measu red  f r equency  d r i f t  r a t e ,  w i l l  y i e l d  t h e  
e l e c t r o n  d e n s i t y  p r o f i l e  i n  the  outer  so la r  corona .  
I n  a d d i t i o n ,  t h e  LOFT observa t ions  w i l l  g ive  da ta  on the  
s i z e  and  br ightness  d is t r ibu t ion  of  so la r  b u r s t s ,  which may be 
d i r e c t l y  r e l a t e d  t o  d e n s i t y  f l u c t u a t i o n s  i n  t h e  c o r o n a  a t  a n g l e s  
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not accessible to ground-based equipments.  
Observations of decametric wavelengths have shown t h a t  t y p e  
11, 111, and I V  b u r s t s  do not  have  s imple  gauss ian  shapes :  the i r  
b r i g h t n e s s  d i s t r i b u t i o n s  c a n  be approximated by the sum of a wide 
gaussian  "halo"  and a narrow  "core" .   In   the  case  of   type I11 
bursts,  t h e  r e l a t i v e  s izes  and i n t e n s i t i e s  of  the two  components 
change with t i m e  and frequency,  suggest ing that  the halo i s  pro- 
duced by scat ter ing in  the corona about  the t r u e  source, which 
h a s  a n  a n g u l a r  s i z e  n o  l a r g e r  t h a n  t h a t  o f  t h e  c o r e .  The s c a t -  
t e r i n g  a p p a r e n t l y  i s  due t o  i r r e g u l a r i t i e s  o r  f l u c t u a t i o n s  i n  t h e  
e lec t ron  dens i ty .  Observa t ions  a t  decametr ic  wavelengths  g ive  an  
angu la r  s i ze  o f  38'  f o r  a type I11 halo and 5 1 0 '  f o r  t h e  c o r e ;  
t h e  r a t i o  of power i n  t h e  c o r e  t o  t o t a l  power i s  8 percent.  Other 
t y p e s  o f  s o l a r  b u r s t s  h a v e  s i m i l a r  b r i g h t n e s s  d i s t r i b u t i o n s  a t  t h e  
same wave leng th .   Such   b r igh tness   d i s t r ibu t ions   a r e   de f in i t e ly  
observable  with LOFT even with a beam of 2 O  - 3 ' .  
Comparison of t he  b r igh tness  d i s t r ibu t ions  o f  so l a r  burs t s  
a t  h e c t o m e t r i c  and k i lomet r ic  wavelengths  wi th  those  a t  decametr ic  
wavelengths w i l l  p rovide  da ta  on t h e  burs t s  themselves and also on 
the s t r u c t u r e  of t h e  i n t e r p l a n e t a r y  medium. According to   s imp le  
sca t t e r ing  theo ry ,  t he  va r i a t ion  wi th  wave leng th  o f  t he  angu la r  
s i z e ,  ip , of t h e  h a l o  of s c a t t e r e d  r a d i a t i o n  i s  given by 
where AN = e l e c t r o n   d e n s i t y   f l u c t u a t i o n  
n = number of i r r e g u l a r i t i e s  a l o n g  l i n e  of s i g h t .  
Since n does   no t   change   apprec iab ly   over   l a rge   d i s tances   in   the  
corona, it can be t r e a t e d  a s  a cons tan t .  L i t t l e  i s  known about 
t h e   v a r i a t i o n   o f  AN with  p , the   dis tance  outward  in   the  corona 
(measured i n  u n i t s  o f  t h e  s o l a r  r a d i u s ) .  Most i nves t iga to r s  have  
assumed t h a t  AN& N , t h e  e l e c t r o n  d e n s i t y  a t  a p a r t i c u l a r  p o i n t  
i n  the  corona. A t  the  plasma  level,   the  plasma  frequency  and 
the re fo re  the  co r re spond ing  e l ec t ron  dens i ty  i s  inversely propor-  
t i o n a l  t o  A 2  . Consequently,   for b u r s t s  of   types I1 and 111 
which  involve  plasma  osci l la t ion,  ip should  remain  constant   as  
t he   wave leng th   i nc reases   i f  ip i s  e n t i r e l y  due t o   s c a t t e r i n g .  
I n  the  case  of  bursts  which involve other  kinds of  generat ing 
mechanisms  such a s  s y n c h r o t r o n  r a d i a t i o n  a s  i s  invoked for 
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broad-band  "moving"  type I V ,  t h e  a n g u l a r  s i z e  s h o u l d  v a r y  a s  t h e  
square of the wavelength. 
Observations of type I11 b u r s t s  from the ground down t o  f r e -  
quencies of 5 o r  6 MHz have shown t h a t  t h e  numbers of b u r s t s  
observed does not  decrease appreciably as  one moves from the cen- 
ter  o f  t h e  d i s k  t o  t h e  limb. This  i s  i n  d i r e c t  c o n t r a d i c t i o n  t o  
the  theo ry  of ray-propagat ion  in  the  corona ,  and  the  e f fec t  i s  
g e n e r a l l y  a s c r i b e d  a s  d u e  t o  s c a t t e r i n g  a t  e l e c t r o n  d e n s i t y  i r r e g -  
u l a r i t i e s .  I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  r a y  p r o p a g a t i o n  
a t  low f requencies ,  one  can  t race  the  pa ths  of  rays  a t  say  1 MHz 
(Fig.  6)  coming from various directions as t h e y  t r a v e r s e  t h e  
corona on t h e i r  way t o  t h e  e a r t h .  The model fo r  t h e  e l e c t r o n  
d e n s i t y  d i s t r i b u t i o n  i n  the corona used in  these computat ions 
was the fol lowing:  
N = 6.75 x 10 p (I + 15 p ) 2 < P < 5 0  - - 6 -3 -3 
where p = t h e   d i s t a n c e  from t h e   c e n t e r  of t h e  s u n ,  measured i n  
s o l a r  r a d i i .  
T h i s  model resu l t s  from a combination of the models of Baumbach, 
rev ised  by A l l e n  ( R e f .  7 ) ,  
and  Ingham ( R e f .  8: 
N = 6.75 x 10 p 6 -3 
I n  Figure 6, t h e  e a r t h  i s  a t  t h e  t o p ,  and t h e  s c a l e  i s  ind i -  
ca ted  by t h e  dark spot  i n  t h e  center represent ing  the  photosphere  
of  the sun wi th  a rad ius  of  700,000 km. The  plasma l eve l  co r re -  
sponding to the frequency is  ind ica t ed  by  t h e  "ambient  plasma 
l e v e l "  c i r c l e .  I n  coronal   s t reamers ,   a long which type I1 and 
I11 bursts a p p e a r  t o  t r a v e l ,  t h e  e l e c t r o n  d e n s i t y  i s  assumed t o  
be one order  of  magni tude higher  than the "ambient"  e lectron 
d e n s i t y .  The  plasma l e v e l  i n  s t reamers  is shown by t h e  o u t e r  
c i rc le .  Extending  toward  the  bottom is  the  "cone  of  avoidance",  
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from which no r ays  can  r each  the  ea r th .  The  po in t  o f  i n t e r sec t ion  
o f  t h i s  cone  wi th  the  s t r eamer  p l a sma  l eve l  i nd ica t e s  t ha t  t ype  
I1 and I11 burs t s  should  cont inue  t o  be observed over the whole 
forward hemisphere of the  sun ,  ra ther  than  f rom the  center  a lone .  
Therefore ,  it is  expec ted  tha t  obse rva t ion  o f  bu r s t s  due  t o  
p l a sma  osc i l l a t ions  ( types  I1 and 111) w i l l  be p o s s i b l e  a t  t h e  
limb. S i n c e  t h e  b u r s t  sources  tend t o  t r a v e l  r a d i a l l y  o u t w a r d ,  
the motion of  the l i m b  b u r s t s  is roughly  perpendicular  to  the  
l i n e  of s i g h t  and' t h e r e f o r e  c a n  be de tec t ed  and measured more 
e a s i l y  by t h e  LOFT. It  w i l l  be of i n t e r e s t  t o  see i f  low-fre- 
quency plasma b u r s t s  are  observed even when t h e  a c t i v e  r e g i o n  is  
beyond t h e  l i m b ,  f o r  example,  due t o  c o r o n a l  s c a t t e r i n g .  
3 p e  I1 b u r s t s .  - Type I1 (s low-dr i f t )  burs ts  a r e  t h e  m o s t  
in tense events  recorded a t  metric and decametric wavelengths. 
They occur much less f requent ly  than  type  I11 b u r s t s :  t h e  r a t e  
n e a r  s o l a r  maximum is  about  one  burs t  per  50 hours.  They occur 
i n  a s s o c i a t i o n  w i t h  l a r g e  o p t i c a l  f l a r e s ,  b e g i n n i n g  f r o m  5 t o  20 
m i n u t e s  a f t e r  t h e  s t a r t  o f  t h e  f l a r e  and d r i f t i n g  t o  low f r e -  
quencies a t  a r a t e  o f  abou t  1 MHz/sec o r  less. The s p e c t r a l  
f e a t u r e s  a t  a par t icular  f requency of ten occur  s imultaneously 
a t  a frequency twice as  h igh ,  i - e . ,  r a d i a t i o n  o c c u r s  a t  t h e  
fundamental  and f i r s t  harmonic.  Measurements of sou rce  pos i t i ons  
i n d i c a t e  t h a t  t h e  e x c i t i n g  d i s t u r b a n c e  moves outward through the 
c o r o n a  a s  i n  t h e  c a s e  of type  111 b u r s t s ,  b u t  a t  a v e l o c i t y  20 t o  
50 times lower. The  generating mechanism is  aga in  p lasma osc i l la -  
t i o n s ,  b u t  i n  t h i s  c a s e  t h e  e x c i t i n g  a g e n c y  i s  assumed t o  be a 
shock  f ron t  o r ig ina t ing  nea r  t he  pos i t i on  of t h e  f l a r e ,  t h a t  moves 
o u t  a t  a v e l o c i t y  of about 1000 km/sec through  the  corona. Type 
I1 bursts  have been observed down t o  7 MHz ( R e f .  18) from t h e  
ground.  Hartz  (Ref. 9) was u n a b l e   t o   i d e n t i f y   p o s i t i v e l y  any 
bu r s t s  excep t  t ype  111 on the  Alouet te  records  because  of  the  
sho r tnes s  of t h e  r e c o r d i n g  i n t e r v a l  and t h e  s a t e l l i t e  sp in  modu- 
l a t i o n ,  b u t  h e  b e l i e v e s  t h a t  p a r t s  o f  some type  I1 b u r s t s  were 
recorded a t  times when ground-based observator ies  reported them 
a t  h i g h e r  f r e q u e n c i e s .  
LOFT observa t ions  of type  I1 b u r s t s  a t  f r e q u e n c i e s  down t o  
500 KHz can be used  in  the  same way as those  o f  t ype  111 b u r s t s  
t o  d e t e r m i n e  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  i n  t h e  c o r o n a .  The 
p lasma c louds  tha t  are  e j e c t e d  a t  t h e  t i m e  of f la res  and t h a t  
even tua l ly  t r ave l  ou t  t h rough  the  co rona ,  w i th  a shock  f ront  
a s soc ia t ed  wi th  it, move a t  t h e  same v e l o c i t y  a s  t y p e  I1 b u r s t s ,  
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and impinging on the earth 's  magnetosphere produce geomagnetic 
storms. O b s e r v i n g  t h e s e  b u r s t s  a t  g r e a t  d i s t a n c e s  f r o m  t h e  s u n  
wi th  LOFT should  grea t ly  improve  our  unders tanding  of  the  in te r -  
ac t ion  o f  so l a r  p l a sma  c louds  wi th  the  ea r th ' s  magne tosphe re .  
Type I V  b u r s t s .  - The type I V  b u r s t  a t  metric and decametric 
wavelengths  cons is t s  of a broad ,  in tense  cont inuum radia t ion  tha t  
fol lows about  20 pe rcen t  of t h e  l a r g e  s o l a r  f l a r e s  t h a t  p r o d u c e  
type I1 burs t s .  Thus  the  type  I V  b u r s t  is  an  even  ra rer  phenom- 
enon than type 11. Figure  7 shows t h e  number of  type  I V  b u r s t s  
pe r  s ix -mon th  in t e rva l  du r ing  the  pas t  so l a r  cycle. If t h e  l a s t  
s o l a r  c y c l e  i s  a f a i r ly  r ep resen ta t ive  one ,  t hen  the  l aunch ing  o f  
t h e  f u l l - s c a l e  LOFT i n  1980 o r  1981 would provide maximum oppor- 
t u n i t y  t o  r e c o r d  t y p e  I V  b u r s t s  a t  low f requencies .  These  burs t s  
a r e  s t r o n g l y  a s s o c i a t e d  w i t h  s o l a r  p r o t o n  e v e n t s  and t h e i r  f u r t h e r  
s tudy w i l l  g r e a t l y  improve our  understanding of  their  generat ing 
mechanism a s  w e l l  a s  how t h e  r a d i o - e m i t t i n g  e l e c t r o n s  and t h e  
low-energy  pro tons  a re  s tored  near  the  sun  and  in  the  in te rp lane-  
t a r y  medium. 
Some of  the  sources  of  type  I V  have been observed t o  t r a v e l  
a t  v e l o c i t i e s  o f  1000 km/s o r  more, sometimes o u t  t o  d i s t ances  o f  
6 o r  7 s o l a r  r a d i i  w h i l e  o t h e r s  r e m a i n  f i x e d .  A type  I V  b u r s t  
can l a s t  from an hour t o  a day or  longer ,  a l though the  moving 
p h a s e  u s u a l l y  l a s t s  no longer  than  an  hour.  The i n t e n s i t y ,  l a r g e  
s ize ,  mot ion  and l o w  d i r e c t i v i t y ,  and c i r c u l a r  p o l a r i z a t i o n  o f  
moving type  I V  are expla ined  in  terms o f  synchro t ron  r ad ia t ion  
f rom ene rge t i c  e l ec t rons  t r apped  in  co rona l  magne t i c  f i e lds .  
I m m e d i a t e l y  a f t e r  t h e  f l a r e  e x p l o s i o n ,  e n e r g e t i c  p a r t i c l e s  - 
protons  and e l e c t r o n s  - are  e jec ted :  s imul taneous ly  a plasma 
c l o u d  t h a t  i s  formed a s  a p a r t  o f  t h e  s h o c k  f r o n t  t h a t  g e n e r a t e s  
type  I1 burs t s  propagates  downward in to  the  so la r  chromosphere  
and h e l p s  i n  a c c e l e r a t i n g  t h e  e l e c t r o n s  and pro tons  still f u r t h e r .  
Some o f  t he  acce le ra t ed  e l ec t rons  and pro tons  are c a r r i e d  w i t h  
the plasma cloud which moves through the outer  corona and 
rad ia tes  synchrDtron  rad ia t ion  a t  meter and decameter wave- 
lengths  in  the  f rozen- in-magnet ic  f ie ld  of  the  e jec ted  p lasma 
cloud. 
A s  w e  know, t y p e  I V  burs t s  ( inc luding  cont inuum s torms)  
a r e  c l o s e l y  a s s o c i a t e d  w i t h  solar protons and with geomagnetic 
storms. I t  is  be l ieved   tha t   low-energy   pro tons   a re   s tored   in   the  
v i c i n i t y  o f  t h e  sun, in  magnet ic  conf igura t ions  probably  
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assoc ia t ed   w i th   t he   co rona l  streamers (Fig.  8 ) .  The  continuum 
storm is t h e  o n l y  f l a r e - a s s o c i a t e d  r a d i o  e v e n t  t h a t  h a s  a t i m e  
scale s i m i l a r  t o  t h a t  of t h e  low-energy so la r  p ro tons .  It  has 
been  sugges ted  tha t  these  s torm reg ions  (Ref .  10) may be r e l a t e d  
t o  the  regions  where  low-energy solar pro tons  are s tored .  Obser- 
va t ions  of  th i s  cont inuum storm on l o w  f requencies  w i l l  he lp  
de t e rmine  the  loca t ion  of t h e s e  r e g i o n s  o u t  t o  a l t i t u d e s  o f  t h e  
o rde r  of 50 t o  100 so la r  r ad i i  and ,  w i th  s imul t aneous  obse rva t ion  
of cosmic rays,  may u l t i m a t e l y  l e a d  t o  t h e  i d e n t i f i c a t i o n  o f  
s torm reg ions  as  the  reg ions  where  low energy solar  cosmic rays 
are s to red .  
The i n t e r p r e t a t i o n  of type  I V  b u r s t s  i n  terms of gyrosynchro- 
t ron  r ad ia t ion  f rom ene rge t i c  e l ec t rons  in  the  sun ' s  magne t i c  
f i e l d  r e q u i r e s  t h e  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  g e n e r a t i o n  and 
propagat ion  of  rad io  waves  in  a plasma.  Indeed, it has  been 
shown tha t  the  low-f requency  cu t -of fs  somet imes  observed  in  the  
spec t ra  of  type  I V  bu r s t s  could be i n t e r p r e t e d  a s  d u e  t o  t h e  
suppress ion  of  synchro t ron  emiss ion  due  to  the  inf luence  of  the  
ionized medium. T h i s  i n t e r p r e t a t i o n ,  i f  co r rec t ,   c an   l ead   t o  
f a i r l y  good est imates  of  the coronal  magnet ic  f ie ld  and t h e  range 
of   e lectron  energies   involved  in   the  emission ( R e f .  11). Obviously, 
then,  t h e  s tudy of  the low-frequency spectra  of  type I V  b u r s t s ,  
especially on decameter-hektameter waves,  w i l l  be qu i t e  va luab le .  
Important  information can be obtained on t h e  so la r  corona  
from a s t u d y  o f  t h e  c h a r a c t e r i s t i c s  o f  t y p e  111 b u r s t s  on low 
f requencies .  A s  d i s c u s s e d   e a r l i e r ,  t h e  type  I11 b u r s t s  r e s u l t  
f r o m  e x c i t a t i o n  o f  p l a s m a  o s c i l l a t i o n s  b y  p a r t i c l e  s t r e a m s  a t  
s u c c e s s i v e l y  h i g h e r  l e v e l s  i n  t h e  corona. The damping of  plasma 
o s c i l l a t i o n s  is mainly caused by co l l i s ions  be tween  e l ec t rons  and 
pro tons  and hence the ra te  of decay of type I11 burs t s  should  
co r re spond  to  the  co l l i s ion  f r equency  a t  t he  appropr i a t e  he igh t  
i n  the  co rona .  Assuming t h a t  t h e  r a d i a t i o n  a r i s e s  a t  o r  n e a r  the  
plasma frequency,  the col l is ion frequency can be d i r e c t l y  r e l a t e d  
to  the  e l ec t ron  t empera tu re  and thus the measurement of decay 
r a t e  c a n  r e s u l t  i n  the determination  of  coronal  temperature.  Such 
measurements over a wide range of frequencies can give the temper- 
a t u r e  g r a d i e n t  i n  t h e  c o r o n a .  F u r t h e r ,  by  s tudy ing  the  r a t e  o f  
rise of  an  ind iv idua l  burs t  over  a wide range of  f requencies  as 
it p e n e t r a t e s  f u r t h e r  o u t  i n t o  t h e  c o r o n a ,  it may be p o s s i b l e  t o  
de t e rmine  the  d i spe r s ion  o f  t he  pa r t i c l e  s t r eam caus ing  the  type  
111 p l a s m a  o s c i l l a t i o n s .  I n  a d d i t i o n ,  o n e  may be able t o  under- 
s tand  better the  na tu re  o f  t he  exc i t i ng  agency .  
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STUDY O F  GALACTIC AND EXTRAGALACTIC  SOURCES 
G a l a c t i c  r a d i a t i o n  comes bo th  from b r o a d  s t r u c t u r a l  compo- 
nents  of  the galaxy and from galact ic  objects such as supernova 
remnants and gaseous nebulae. 
Some observat ions on the galact ic  background have been made 
by  the  Michigan and  Goddard  groups.  However,  no gene ra l  mapping 
of  t h e  g a l a x y  e x i s t s ,  a s  y e t ,  so LOFT can be va luable  i n  t h i s  
r e spec t .   Th i s  mapping   should   revea l   d i scre te   sources   in   the  
galaxy - H I 1  regions  and  supernova  remnants.   While  the  resolution 
a v a i l a b l e  may n o t  be a d e q u a t e  f o r  r e v e a l i n g  a n y  s t r u c t u r a l  d e t a i l s  
w i th in  the  d i sc re t e  sou rces ,  ca re fu l  measu remen t  o f  t he  to t a l  
f l u x  d e n s i t y  c a n  l e a d  t o  i m p o r t a n t  i n f o r m a t i o n  r e l a t i n g  t o  t h e  
phys ics   o f   these  objects. For  example, i n  H I 1  r eg ions ,   t he  
a v a i l a b i l i t y  o f  a low f requency  poin t  in  the  to ta l  spec t rum should  
lead t o  a be t te r  de te rmina t ion  of  the  e lec t ron  tempera tures  in  
these  regions.   For   supernova  remnants   having  shel l  s t r u c t u r e ,  
t h e  t o t a l  f l u x  d e n s i t i e s  a t  low f r e q u e n c i e s  i n  t h e  s h e l l - p a r t  
o f  the  sources  can  throw cons iderable  l igh t  on  the  mechanism of 
generation of radio waves - whethe r  t he  ene rge t i c  e l ec t rons  
emi t t ing  synchro t ron  rad ia t ion  or ig ina ted  dur ing  the  supernova  
explos ion  or  they  were swept  over  a long  wi th  the  ga lac t ic  magne- 
t i c  f i e l d  by the shock wave assoc ia ted  wi th  the  expanding  super -  
nova envelope. 
Supernova  remnants,  such  as  Taurus-A  and  Cassiopeia-A,  have 
been observed t o  t h e  l i m i t s  of  ionospheric  cut-off  and the shape 
o f  t h e  s p e c t r a  a t  low frequencies  should obviously be of con- 
s i d e r a b l e  i n t e r e s t .  From the   energy   spec t rum  of   the   e lec t rons  
emi t t ing  synchro t ron  rad ia t ion ,  one  can  show t h a t  t h e  e m i s s i o n  
must f a l l  o f f  as low frequencies   are   approached.  However, t h e  
d e t a i l s  Of  t h i s  f a l l - o f f  ( R e f .  1 6 )  have never been observed; 
obviously,  such spectral  observat ions at  low frequencies  should 
g r e a t l y  h e l p  i n  o u r  understanding of  the nature  and evolut ion of  
supernova remnants. 
Accurate f l u x  d e n s i t y  d e t e r m i n a t i o n s  a t  l o w  f requencies  
(1 - 1 0  MHZ) of H I 1  r eg ions  in  the  ga l axy  can  l ead  to  correct 
e s t ima tes   o f   t he i r   e l ec t ron   t empera tu res .  A s  w e  know, t h e  
br ightness  temperature  of a H I 1  region depends upon whether 
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t he   r eg ion  is o p t i c a l l y   t h i n   o r   t h i c k . *  Now, Tb is  f i r s t  
observed a t  a high frequency where the plasma is  o p t i c a l l y  t h i c k .  
Then the radio spectrum is computed f o r  d i f f e r e n t  assumed elec- 
t ron  tempera tures ,  and the  pred ic ted  spec t rum is compared wi th  
the  ac tua l ly  observed  spec t rum.  The lowes t  f requency  tha t  has  
been used so f a r  f o r  t h i s  k i n d  of e lec t ron  tempera ture  de te r -  
mination is  41 MHz wi th  the  lOOO'f t .  d iameter  spher ica l  tele- 
scope  of  Arecibo. An example  of  such  determination i s  shown i n  
F igure  9 (Ref. 1 7 ) .  I t  is  q u i t e  c l e a r  t h a t  t h e  p r e s e n t l y  d e t e r -  
mined values  of  f l u x  d e n s i t y  a t  low f r equenc ie s  a re  no t  accu ra t e  
enough, and so  accurate low-frequency values w i l l  h e l p  deter-  
mine better va lues  of e lec t ron  tempera tures .  One w i l l  be a b l e  
to  confirm whether  the lower temperatures of Orion A and NGC 2024. 
determined i n  t h i s  manner a r e  a c t u a l l y  a consequence of t h e  
v a r i a t i o n   o f  Te a s  a f u n c t i o n   o f   d i s t a n c e   f r o m   t h e   c e n t r a l  
e x c i t i n g   s t a r .   A l t e r n a t e l y ,   t h e   l o w e r   t e m p e r a t u r e s   c o u l d  refer 
t o  t h e  o u t e r  l a y e r s  of Orion A and NGC 2024, i n  which case t h e  
f lux -dens i ty  va lues  ob ta ined  a t  low frequencies from space vehi- 
c les  s h o u l d  r e f e r  t o  still o u t e r  l a y e r s  of t h e  H I 1  regions.  
Another use of low-frequency observations of gaseous nebulae 
l i e s  i n  s t u d i e s  re la t ive  t o  g a l a c t i c  s t r u c t u r e .  The galaxy  looks 
l i k e  a radio-emissive band s t re tched along the Milky Way and i t s  
emission comes f rom the  en t i re  ga laxy .  A s  l o w  f r e q u e n c i e s  a r e  
approached,  the local  gaseous nebulae w i l l  o b s c u r e  t h e  d i s t a n t  
g a l a c t i c   r a d i a t i o n .  A t  a temperature  of 1040K, these  thermal  
o b j e c t s  w i l l  appear  dark,  s ince the background i s  ve ry  b r igh t .  
A t  lower  f requencies  than  have  ye t  been  observed ,  even  re la t ive ly  
tenuous hydrogen clouds w i l l  become opaque and w i l l  t hen  r evea l  
t he i r  d i s t r ibu t ion  abou t  u s  in  space .  Most of   these   c louds  
should be c o n c e n t r a t e d  i n  s p i r a l  arms of t h e  galaxy, and since 
t h e  f o r m a t i o n  o f  g a l a c t i c  s p i r a l  s t r u c t u r e  i s  still n o t  f u l l y  
understood it w i l l  be u s e f u l  t o  h a v e  d a t a  o n  t h e  d i s t r i b u t i o n  
of such  clouds f r o m  low-frequency  observations.  The s p i r a l  
arms are thought t o  be confined t o  a f la t tened  rad io-emiss ive  
disk which again i s  enveloped by a spher ica l  ha lo  wi th in  which  
r e l a t i v i s t i c  e l e c t r o n s  e m i t  by  the  synchrotron  process .  The 
ha lo  is though t  t o  be t h e  source of galactic cosmic rays;  however,  
I- 
* rTb =a Tee -I- ' dI-'  : f o r   c o n s t a n t  Te, Tb = T (1-e ) = Te for  -I- e 
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r e c e n t  o b s e r v a t i o n s  i n d i c a t e d  t h a t  t h e  h a l o  i s  n o t  a s  l a r g e  a s  
or iginal ly   thought .   Consequent ly ,  it would be va luable   to   ex tend  
the  obse rva t ions  o f  t he  ha lo  t o  lower frequencies - w i t h  p a r t i -  
cular  reference to  determining the energy spectrum and d e n s i t y  
of e l e c t r o n s .  
Ext raga lac t ic  Sources  
In  the  fo l lowing  pages  we sha l l  r ev iew our  knowledge of 
ex t raga lac t ic  sources  f rom ground-based  observa t ions  a t  low 
f requencies  wi th  a view to  unde r s t and ing  the i r  phys i ca l  na tu re .  
Observa t ions  of  d i scre te  rad io  sources  a t  f requencies  be low 
20 - 30 MHz from the ground can only be made near  the  time of 
minimum s o l a r  a c t i v i t y  s i n c e  t h e  t e r r e s t r i a l  i o n o s p h e r e  b l o c k s  
r a d i o  waves  from outside.  During t h e  most recent s o l a r  m i n i m u m  
(1963-1965), a  number of groups have made o b s e r v a t i o n s  a t  low 
frequencies.   These  observations  have  provided  information  on 
t h e  spec t r a l  behav io r  o f  a  few s e l e c t e d  discrete sources .  
The b r igh te s t  sou rces  in  the  no r the rn  hemisphe re  a re  
Cassiopeia  A and  Cygnus A. The observed  spec t ra  of  these  sources  
are   reproduced  in   Figure 10. The downward curva ture  of  these 
spectra  has  been discussed by many au thors  and it appea r s  t ha t  
it is  due to ionized hydrogen ( H I 1  r e g i o n s )  e i t h e r  i n  t he  sou rce  
o r  i n  t h e  l i n e  o f  s i g h t  between the source and t h e  observer .  
For  an  e lec t ron  k ine t ic  tempera ture  of  1 0 4 0 K ,  t h i s  a b s o r p t i o n  
i s  given by 
where S ( f )  is  the   obse rved   f l ux   dens i ty ;  So ( f )  i s  t h e   f l u x  
dens i ty   in   the   absence   o f   absorp t ion :  T i s  t h e  op t i ca l   dep th :  
Ne i s  t h e   e l e c t r o n   d e n s i t y  i n  cm-3 i n  t h e  absorbing  region;  
L i s  the   pa th   l eng th   t h ru   t he   c loud  i n  parsecs  ( P C ) ;  and 
< Ne2L > is the   i n t eg ra t ed   ( squa re   o f )   e l ec t ron  d e n s i t y  along 
the  pa th  usua l ly  r e fe r r ed  to  a s  emis s ion  measu re  in  u n i t s  
cm-6pc. Ex i s t ing  data i n d i c a t e  t h a t  t h e  low-frequency  spectrum 
of Cassiopeia  A can be expla ined  as  d u e  t o  abso rp t ion  w i t h  
< Ne2L > - 300 cm-6pc. The  Cygnus A spectrum is  s i m i l a r ;  
however, it appea r s  t ha t  H I 1  absorp t ion  i s  n o t  t h e  o n l y  
18 
r e spons ib l e  mechanism i n  i t s  low-frequency spectral  behavior.  
It  has  been  sugges ted  tha t  o ther  phenomena such as  synchrotron 
se l f - abso rp t ion  o r  Raz in  effect  (Ref. 12) may be important. 
The sugges t ion  of  synchro t ron  se l f -absorp t ion  would r e q u i r e  t h a t  
t h e  Cygnus A r a d i o  s o u r c e  c o n t a i n  s t r u c t u r a l  d e t a i l s  w i t h  angu- 
l a r  s i z e s  o f  a few  seconds  of  arc. The Raz in  e f f ec t  would 
r e q u i r e  t h e  e x i s t e n c e  o f  a plasma cloud i n  f r o n t  of the  emi t t i ng  
reg ion  so t h a t  t h e  e m i s s i o n  is decreased through the change of 
r e f r a c t i o n  i n d e x  i n  t h e  medium. I n v e s t i g a t i o n s  o f  t h e s e  and 
o the r  s imi l a r  sou rces  a t  l ower  f r equenc ie s  would permi t  the  
de te rmina t ion  of  phys ica l  parameters  per ta in ing  to  the  source  
and the  in t e rven ing  medium to  h igher  accuracy  than  has  prev ious ly  
been possible .  
It  is  common t o  a s c r i b e  t o  r a d i o  s o u r c e s  a parameter 0: 
known a s  s p e c t r a l  i n d e x  which is  def ined  b y  
d (1og  f lux  dens i ty )  
d(1og frequency) 
a = -  
which is  the  (nega t ive)  s lope  of  the  spec t rum on  a log-log plot .  
An example of a source which exhibi ts  a l i nea r  spec t r a l  behav io r  
down t o  10  MHz is  Taurus A shown i n  F igure  11; t h e  s p e c t r a l  
i ndex   fo r   t h i s   sou rce  i s  a M 0.25  . Radio  emissions  from  most 
d i sc re t e  sou rces  a re  be l i eved  to  be due to  synchro t ron  r ad ia t ion  
o f  r e l a t i v i s t i c  e l e c t r o n s  a s  t h e y  s p i r a l  i n  a magnet ic  f ie ld .  
I f  t h e  e n e r g i e s  o f  t h e s e  r e l a t i v i s t i c  e l e F , t r o n s  a r e  d i s t r i b u t e d  
w i t h  a  power law of the 
synchro t ron  emiss ion  in  
index 
form N ( E )  = K E-' , t h e n   t h e   r e s u l t a n t  
t he  radio spectrum w i l l  have a s p e c t r a l  
This  seems t o  be t rue  in  the  case  of  our  ga laxy  where  the  rad io  
s p e c t r a l  i n d e x  a M 0.6 and where the   observed   index   in  t h e  
d is t r ibu t ion   of   energy   of  low energy  cosmic  rays, Y = 2 .2  . 
A s  one proceeds to  lower f requencies ,  the H I 1  absorp t ion  
should become apparent  i n  t he  spec t r a  o f  all discrete sources .  
The emi t t ing  reg ions  should  conta in  some ionized hydrogen: i n  
add i t ion ,  t he  r ad io  r ad ia t ion  pass ing  th rough  our  own galaxy 
w i l l  a l s o  s u f f e r  a b s o r p t i o n  due t o  i n t e r s t e l l a r  H I I .  I n  
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p r i n c i p l e  it should be p o s s i b l e  t o  d i s t i n g u i s h  between t h e  two 
con t r ibu t ions  to  abso rp t ion  by  a de ta i led  examinat ion  of  the  
source spec t r a .  Th i s  knowledge  wou ld  in  tu rn  con t r ibu te  g rea t ly  
to  o u r  knowledge of t h e  s t r u c t u r e  of the  emi t t ing  reg ions  and  
of t h e  d i s t r i b u t i o n  of HI1 i n  o u r  own galaxy. 
An a d d i t i o n a l  class of radio sources ,  which seems i n t e r e s t i n g  
a t  l o w  f requencies  is the  ca t egory  of sources  whose s p e c t r a  a r e  
curved upward, for example the Seyfert  galaxy NGC 1275 and t h e  
assoc ia ted   rad io   source  3C84. (see Fig.  1 2 ) .  These   sources   exhib i t  
r a the r  no rma l  spec t r a  wi th  spectral i n d i c e s  of the  o rde r  of 0.75 
a t  meter wavelengths,  but a t  l ower  f r equenc ie s  the i r  spec t r a  
s teepen ,  having  ind ices  in  the  range  1 .25  - 2. A t  f r e q u e n c i e s  i n  
t h e  10 MHz range  these  sources are 3 - 10 times s t ronge r  than  
would  have  been  predic ted  on  the  bas i s  of  the i r  spec t ra l  behavior  
a t  frequencies  above 100 - 200 MHz. F u r t h e r ,  t h e r e  i s  a tendency 
f o r  t h e  mean s p e c t r a l  i n d e x  o f  a l l  s u c h  s o u r c e s  t o  s t e e p e n  w i t h  
decreasing  f requency (see Fig.  1 3 ) .  The l o w  frequency  enhancement 
i n  t h e s e  s o u r c e s  i s  a t t r i b u t e d  t o  an extensive halo surrounding 
the  h igher  f requency  source :  th i s  ha lo  is a t t r i b u t e d  t o  a v i o l e n t  
explosive  event   which  occurred some lo7 years   ago.  The l a r g e  
number o f  p a r t i c l e s  r e l e a s e d . a n d  a c c e l e r a t e d  d u r i n g  t h i s  e x p l o -  
s ion have now expanded and l o s t  much of t h e i r  e n e r g y  b y  r a d i a t i o n  
and o t h e r  loss mechanisms. I t  can be shown t h a t  a r e l a t i v i s t i c  
p a r t i c l e  w i t h  e n e r g y  E BeV i n  a magnet ic  f ie ld  of  B microgauss 
w i l l  r a d i a t e  a t  r a d i o  f r e q u e n c i e s  i n  t h e  v i c i n i t y  of f MHz, given 
b y  t h e  r e l a t i o n  
2 
f = 4.6 B E 
S ince  the  h ighe r  ene rgy  pa r t i c l e s  lose e n e r g y  b y  r a d i a t i o n  f a s t e r  
than  the  lower e n e r g y  p a r t i c l e s ,  t h e  i n i t i a l  d i s t r i b u t i o n  a t  t h e  
t i m e  of the  explos ion  w i l l  now be modified so tha t  lower  energy  
par t ic les  predominate  and hence the  r eg ion  w i l l  p r e f e r e n t i a l l y  
r a d i a t e  a t  lower f r e q u e n c i e s .   I n   a d d i t i o n ,   t h e   m a g n e t i c   f i e l d  
s t r e n g t h  would decrease as the  r eg ion  expands ,  w i th  the  r e su l t  
t h a t  B would vary as ( r a d i u s )  -Io5; hence, i f  the expansion w e r e  
uniform with t ime, i t  would vary as ( t i m e )  -Io5. From such 
cons idera t ions ,  it can be shown t h a t  i f  a spec t ra l  "k ink"  occurs  
a t  a frequency, f MHz, the  age ,  t, is  given  by 
t - 2.6 x 10 (B3f)-1'2 yea r s  10 
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The s tudy of  radio sources  with s imilar ly  curved low-fre-  
quency spectra would be o f  g r e a t  i n t e r e s t  s i n c e  it enables  us  
to  s tudy  the  evo lu t ion  o f  t hese  sou rces .  I t  is  l i k e l y  t h a t  s u c h  
s o u r c e s  a r e  q u i t e  numerous a t  low f requencies ,  account ing  for  
perhaps 10  - 20 p e r c e n t  o f  t h e  s o u r c e s  d e t e c t e d  t o  d a t e  a t  
f requencies  near  10 MHz. 
A d d i t i o n a l  t y p e s  o f  s o u r c e s  a r e  l i k e l y  t o  be discovered from 
obse rva t ions  wi th  LOFT. For  example,  the Crab Nebula  has  been 
found t o  p o s s e s s  a compact low-frequency component which accounts 
f o r  a l a r g e  f r a c t i o n  o f  i ts  emission a t  low frequencies.   Although 
i ts  spectrum, as shown i n  F i g u r e  11, is l i n e a r  down t o  10 MHz, 
it is  q u i t e  p o s s i b l e  t h a t  t h i s  s m a l l  r e g i o n ,  w h i c h  seems t o  have 
a ve ry  s t eep  spec t r a l  i ndex ,  w i l l  cause a s i g n i f i c a n t  low f r e -  
quency  enhancement a t  f r e q u e n c i e s  i n  t h e  1 - 10  MHz range. A t  
t h e  p r e s e n t  t i m e ,  the  phys ica l  na ture  of  th i s  low-f requency  
component is unknown: i n  t h i s  r e s p e c t  t h e  low-frequency obser- 
v a t i o n s  a r e  l i k e l y  t o  be important.  Systematic  low-frequency 
obse rva t ions  cou ld  r e su l t  i n  t he  d i scove ry  o f  more sources of 
s i m i l a r  n a t u r e ;  t h a t  is, e x h i b i t i n g  s i m i l a r  b e h a v i o r  a t  low 
f requencies .  
L e t  u s  now a t t empt  to  e s t ima te  the  behav io r  o f  t h e  sky a t  
low frequencies  from  our  knowledge a t  h i g h e r  f r e q u e n c i e s .  A s  
d i s c  ssed e a r l i e r ,  t h e  s p e c t r a l  i n d e x ,  a , and emission  measure, 
< Ne L > , a r e  r e l a t e d  t o  f l u x  d e n s i t y  S ( f )  by t h e  r e l a t i o n :  2 
I n   F i g u r e  14 a r e   p l o t t e d ,   f o r  < Ne2L > = 10 and 100 c m  PC, 
t h e  s p e c t r a l  b e h a v i o r  o f  s o u r c e s  w l t h  s p e c t r a l  i n d i c e s  a = 0.25, 
0.75,  and 1.50 . These  curves  have been normal ized   to   the  
100 MHz f l u x  d e n s i t y  and assume t h a t   t h e  H I 1  absorp t ion  comes 
from a region between the source and observer .  These  par t icu lar  
s p e c t r a l  i n d i c e s  w e r e  chosen to  be c h a r a c t e r i s t i c  o f  t h e  s p e c t r a l  
ind ices  of  sources  l ike  supernova  remnants ,  ex t raga lac t ic  sources  
and some pecu l i a r  ex t r aga lac t i c  sou rces  wi th  cu rved  spec t r a  
(Ref. 13).  
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The t w o  emiss ion  measures  cnosen  for  i l lus t ra t ion  a re  
< Ne2L > = 10 cm-6pc c h a r a c t e r i s t i c  o f  t h e  mean over the whole 
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galaxy and < Ne2L > = 100 c m  PC which  might be t y p i c a l  of 
sources  having H I 1  c l o u d s  i n  t h e  l i n e  of s igh t .  Sources  wi th  
< Ne2L > much l a rge r  t han  a few hundred would be r e l a t i v e l y  
unimportant a t  10  MHz o r  lower ,  un le s s  t he  sou rces  were very 
s t r o n g  a t  somewhat shorter  wavelen ths .  Thus we  may regard 
the  range  < N e 2 L  > = 10  - 100 cm- PC a s  t y p i c a l  f o r  most of 
the sources which would be obse rved  in  the  1 - 10  MHz range. 
It should be n o t e d   t h a t   f o r  a = 0.75 and a = 1.50 sources  
h a v e  t h e i r  s p e c t r a l  maxima i n  t h e  2 - 10  MHz range,  and that  
f o r  t h e s e  s o u r c e s ,  t h e  f l u x  d e n s i t y  o f  t h e  maxima is  s e v e r a l  
t i m e s  t h e  f l u x  d e n s i t y  i n  t h e  10 - 100 MHz range. I n  F igure  15,  
a r e  p l o t t e d  t h e  f l u x  d e n s i t y  r e l a t i v e  t o  10  MHz fo r  f r equenc ie s  
f = 3 and 5 MHz as a func t ion  o f  spec t r a l  i ndex  a f o r  
< Ne2L > = 1 0  and 100 cm-6pc. I n   t h e s e   p l o t s ,  a i s  measured 
on the  unabsorbed  or   l inear   port ion  of   the  spectrum.  Thus a 
a p p l i e s  a t  f requencies  f s u c h   t h a t  f > 2(< Ne2L . 
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The s t a t i s t i c a l  b e h a v i o r  of a l a r g e  number of  sources  is  
d i scussed  in  terms of a " log  N - l og  S "  p lo t ,  where in  the  
logari thm of  the number, N , of  sources  br ighter  than  a f l u x  
dens i ty ,  S , is  p lo t t ed  vs .  t he  loga r i thm o f  the  f lux  dens i ty .  
Such plots   have  profound  cosmological   s ignif icance.   Consider  
t h a t  a l l  sources  e m i t  energy a t  a r a t e ,  W w a t t s ,  and t h a t  there 
a r e  n sou rces   pe r   un i t  volume. The power, S , p e r   u n i t  
co l l ec t ing  a rea  r ece ived  f rom a s o u r c e  a t  a d i s t a n c e ,  R , w i l l  
then be 
A l l  sou rces   b r igh te r   t han  S w i l l  then  be con ta ined   w i th in   t he  
sphere  of  rad ius  
The t o t a l  number o f   sou rces   b r igh te r   t han  S w i l l  t hus  be 
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Expressed in  logari thmic terms, t h i s  becomes 
log N = l o g  ($ n> f $ l og  (s) - log  s 
T h i s  r e l a t i o n  g i v e s  on a l o g - l o g  p l o t ,  a s t r a i g h t  l i n e  wi th  a 
s lope ,  f?~ , of - 3/2 . One important  problem  of  cosmology  con- 
ce rns   t he   u t i l i za t ion   o f   t he   obse rved  B ' s  a s  tests f o r   v a r i o u s  
cosmological models of the universe. 
One p a r t i c u l a r  s o l u t i o n  which i s  of i n t e r e s t  t o  l o w - f r e -  
quency radio astronomy is one i n  which a l i n e a r  e x t i n c t i o n  
c o e f f i c i e n t  ( f o r  example, as  might  be due t o  HI1 absorp t ion)  i s  
included. Thus 
W 
4m 
s = -  e 2 
-7- 
where 
Then the   sou rces   b r igh te r   t han  S w i l l  be   conta ined   wi th in   the  
sphere 
and t h e  t o t a l  number of s o u r c e s  b r i g h t e r  t h a n  S w i l l  be 
23 
from which i t  can be shown t h a t  
d loq N - 
d log S B =  
And s i n c e  T = kR , w e  see t h a t  t h e  more d is tan t  (and  hence  
weaker )  sources  cont r ibu te  less power than  they  would i n  t h e  
absence of  absorpt ion so t h a t  t h e  log N - log S p l o t  w i l l  f l a t t e n  
o u t  t o  B = 0 as  T i nc reases .  Estimates af log N - log S 
va lues  a t  5 and 3 MHz have been made ( R e f .  13) o n  t h e  b a s i s  o f  
ex t rapola t ion  f rom publ i shed  data  around 10  MHz. The r e s u l t s  
of such  ex t r apo la t ion  do n o t  l e a d  t o  a n y  d e f i n i t e  c o n c l u s i o n ,  
and consequently,  it w i l l  be wor thwhi le  to  s tudy  th i s  impor tan t  
cosmological problem from direct  low-frequency observat ions.  
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STUDY OF RADIO EMISSIONS FROM J U P I T E R  
The p l a n e t  J u p i t e r  i s  a very  ac t ive  emitter o f  r a d i a t i o n  a t  
radio  wavelengths .  As a r ad io  emitter i n  t h e  s o l a r  system, it 
is  much s t ronger  than  the  sun  a t  f requencies  a round 10  MHz. 
Jov ian  Rad ia t ion  a t  Cen t ime te r  and Decimeter Wavelengths 
Jovian  rad io  emiss ion  a t  wavelengths  of  less than 1 meter 
c o n s i s t s  of two components: (1) a thermal  component  which 
predominates a t  wavelengths  shorter  than 5 c m ,  t h e  f l u x  d e n s i t y  
decreasing approximately as  t h e  inverse  square  of  the  wave- 
l e n g t h ;  ( 2 )  a steady nonthermal component  which  predominates 
a t  long decimeter wavelengths,  with t h e  f l u x  d e n s i t y  i n c r e a s i n g  
toward longer wavelengths approximately as 0.3 power  law. 
Separa t ion  of t h e  two components i s  marked  by a d e f i n i t e  change 
o f  s l o p e  i n  s p e c t r a l  i n t e n s i t y  a t  a b o u t  10 cm.  The thermal 
emission i s  randomly polarized and appea r s  t o  o r ig ina t e  from 
the  upper  atmosphere. The nonthermal decimeter component i s  
roughly 30% l i n e a r l y  p o l a r i z e d  and about 6% c i r c u l a r l y  p o l a r i z e d .  
The e l e c t r i c  v e c t o r  o f  l i n e a r  p o l a r i z a t i o n  v a r i e s  c y c l i c a l l y  
from pa ra l l e l i sm wi th  the  Jov ian  equa to r i a l  p l ane  th rough  
roughly + 10 degrees  during t h e  r o t a t i o n  p e r i o d .  A t  31 cm 
wavelength,  the angular  s ize  of Jovian radio emission is  2.9 
and 1 . 2  times t h e  diameter of  the  p lane tary  d i s k  i n  the equa- 
t o r i a l  and p o l a r  directions,respectively. It is  p r e s e n t l y  
b e l i e v e d  t h a t  t h i s  steady nonthermal component is  due t o  
s y n c h r o t r o n  r a d i a t i o n  o f  r e l a t i v i s t i c  e l e c t r o n s  t r a p p e d  i n  
t h e  J o v i a n  r a d i a t i o n  bel ts .  
Jovian Radiation at  Decameter Wavelengths 
The Jovian radio emission at  decameter  wavelengths  (8  t o  60 
meters) c o n s i s t s  of sporadic  s torms whose a p p a r e n t  i n t e n s i t y  
can exceed tha t  o f  any  o the r  r ad io  sou rce  in  the  sky  excep t  t he  
sun. The p r i n c i p a l  c h a r a c t e r i s t i c s  of these emissions can be 
summarized as  fo l lows:  
The emission is bursty,  narrow band and circularly polarized. 
The absolute upper frequency l i m i t  f o r  t h i s  e m i s s i o n  is about 
40 MHz. The b u r s t s ,  a s  o b s e r v e d  a t  a single  frequency,  have 
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t y p i c a l  d u r a t i o n s  of 1 - 10 seconds (cal led L-pulses) ,  a l though 
bursts wi th  dura t ions  of  mi l l i seconds  have  been  observed  ( S -  
pu l ses )  . 
The emiss ion  exh ib i t s  a p e r i o d i c i t y  w i t h  t h e  p l a n e t a r y  
r o t a t i o n .  The r a d i o  r o t a t i o n  ra te  d i f f e r s  s l i g h t l y  f r o m  t h e  
r o t a t i o n  r a t e  i n f e r r e d  from o p t i c a l  f e a t u r e s .  A coord ina te  
system based upon r ad io  pe r iods  de f ines  a c e n t r a l  m e r i d i a n  
longi tude  kIII wi th  a r o t a t i o n   r a t e   o f  9h55m29s37 2 O"3. 
The e m i s s i o n  c h a r a c t e r i s t i c a l l y  d r i f t s  upward in  f requency  as 
a funct ion  of  t ine fo r  x111 i n  t h e  0" - 180" range  and 
downward i n  t h e  180" - 360°  range. 
The   emiss ion   probabi l i ty   var ies   wi th  and i n   t h e  
20 "30 MHz range, emission peaks occur a t  l o n g i t u d e s  i n  t h e  
range 90° - 130"  and 210" - 250". T h i s   p r o b a b i l i t y  i s  a l s o  
c o n t r o l l e d  b y  t h e  p o s i t i o n  o f  t h e  i n n e r  G a l l i l e a n  S a t e l l i t e  
I o  (see Fig.  16) .  The emiss ion  p robab i l i t y  i s  maximum when Io  
has  a geocent r ic  phase  of 90" and  240° (see Fig.  1 7 ) .  The former 
reg ion   cor responds   to   the   emiss ion   peak   for  AIII i n   t h e  
90" - 130"  range.  The I o  con t ro l  appea r s  t o  be s t r o n g e s t  when 
it l i e s  i n  t h e  p l a n e  AIII = 20°, 200" which   conta ins   the   Jovian  
magnet ic   axis  . 
The source of  decametr ic  bursts  seems t o  be s m a l l e r  i n  s i z e  
than 5 - 10 seconds of a r c  a n d ,  i n  f a c t ,  it may have a  much 
smal le r  s ize  as  sugges ted  by  the  ev idence  of i n t e r p l a n e t a r y  
s c i n t i l l a t i o n s  o f  J o v i a n  d e c a m e t r i c  r a d i a t i o n .  
A t  f requencies  of 10 MHz o r  less, t h e  most s t r i k i n g  f e a t u r e  
observed is  the  h igh  emiss ion  probabi l i ty  (50  per  cent  or  grea te r )  
a s  compared t o  t h a t  (10 p e r  c e n t  o r  less) a t  h igher  f requencies .  
One observes  maxima i n  t h e  r a n g e  200° t o  250" LCM and  minima i n  
the  range  120' t o  150' LCM.. There seems t o  be a s h i f t  i n  t h e  
emiss ion  probabi l i ty  maxima and minima wi th  a change in  f requency 
a t  t h e  r a t e  of 16" - 18" p e r  MHz around 10 MHz (Fig.  18). 
The emission probabi l i ty  around 10 MHz a l s o  seems t o  depend 
s t r o n g l y  o n  t h e  p h a s e  o f  J u p i t e r ' s  s a t e l l i t e  I o  (see Fig.  1 6 ) .  
The  main  peaks  occur a t  I o  phases of 80" and 240'. These  a re  
e s s e n t i a l l y  t h e  same a n g l e s  a t  which enhancement occurs a t  h igher  
f r equenc ie s .   In   add i t ion ,  less i n t e n s e  maxima occur  a t  100" and 
340' around 10 MHz bu t  no t  a t  h ighe r  f r equenc ie s .  F igu re  19  
shows (according to  Ref .  14) a p l o t  of t h e  t o t a l  e m i s s i o n  
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p r o b a b i l i t y  as  a func t ion  of LCM and I o  phase fo r  a l l  frequen- 
cies i n  t h e  r a n g e  8 - 41 MHz. It  is clear t h a t  t h e  s o u r c e  a t  
LCM = llOo - 160°  and Io  phase = 60° - llOo ("ear ly"  source)  
is very  sharply  defined.  The  "main"  source a t  LCM = 210° -' 260°, 
e x h i b i t s  some I o  c o n t r o l ,  b u t  to  a lesser degree  than  the  ea r ly  
source.  The " t h i r d "  s o u r c e  a t  LCM = 280° - 360° is s i m i l a r  t o  
t h e  main source from t h e  p o i n t  of view of  I o  con t ro l .  The 
l l fourthf l  source which occurs  a t  low f r e q u e n c i e s  a t  LCM = l o o  
. occurs  a t  t h e  I o  phase of 60°. This   source is a precursor  t o  
the  ea r ly  sou rce  emis s ion  s ince  time moves a l o n g  l i n e s  p a r a l l e l  
t o  t h e  d a s h e d  l i n e s  i n  F i g u r e  19. I n  F$,gure 20 i s  shown the 
c o r r e s p o n d i n g  p l o t  a t  9 MHz. H e r e  the-prominent  fea tures  of 
the   h igher   f requency   p lo ts  are missing.  The  "fourth"  source 
is the  on ly  one  wh ich  appea r s  c l ea r ly  in  the  low frequency plot.  
I t  should be n o t e d  t h a t  t h e  low f requency  p lo t  i s  no t  as accu ra t e  
a s  t he  h ighe r  f r equency  p lo t ,  because  of i n s u f f i c i e n t  d a t a .  
However, t h e s e  p l o t s  s u g g e s t  t h a t  I o  d o e s  n o t  e x e r t  a s t r o n g  
con t ro l  ove r  t he  emis s ion  a t  f r equenc ie s  o f  10 MHz or  less, i n  
c o n t r a s t  t o  t h e  v e r y  s t r o n g  c o n t r o l ,  p a r t i c u l a r l y  i n  t h e  e a r l y  
source  reg ion ,  exhib i ted  a t  f r e q u e n c i e s  i n  t h e  20 - 40 MHz range. 
A s  mentioned ear l ier ,  the e m i s s i o n  p r o b a b i l i t y  a t  low f r e -  
quencies  of  10 MHz o r  less is much h igher  than  a t  h igher  f requen-  
cies. A t  h igher  f requencies  one  can  predic t  favorable  condi t ions  
fo r  Jov ian  emis s ion  f rom cons ide ra t ions  o f  Jup i t e r  - I o  geometry. 
A t  lower f requencies  the  emiss ion  appears  to  occur  a lmost  a l l  
t h e  t i m e .  T h i s  o b s e r v a t i o n  h a s  r e s u l t e d  i n  t h e  sugges t ion  tha t  
t h e  e m i s s i o n  a t  l o w  f r equenc ie s   t ends   t o  a continuum. T h i s  
emission is  of ten  very  weak and it has a wideband, continuous 
and constant  character .  This  emission may be a true  continuum 
wi th  some v a r i a b i l i t y  a t t r i b u t a b l e  t o  i n t e r p l a n e t a r y  and  iono- 
s p h e r i c  s c i n t i l l a t i o n s .  A l t e r n a t i v e l y ,  it may simply be t h e  
e f fec t  o f  merging  of  many weak b u r s t s .  It  seems t h a t  dynamic 
spec t r a  wi th  h igh  t i m e  r e s o l u t i o n  w i l l  he lp  unde r s t and  the  t rue  
n a t u r e  of t h i s  emis s ion .  
A p o s s i b l e  power spectrum of Jovian decametric continuum est i -  
mated by  Clark ( R e f ,  13) is shown in   F igu re  21 .  I t  should be noted 
t h a t  t h e  g e n e r a l  c h a r a c t e r  of t h e  J o v i a n  r a d i a t i o n  is  narrow- 
band  and  bursty.   The  points  calculated  by E l l i s  (1965) r ep resen t  
only the t ime-averaged power and  do not r e p r e s e n t  the  high 
ins tan taneous  va lue  o r  narrow-band character of an ind iv idua l  
b u r s t .  The 10 MHz cont inuum f lux  dens i ty  represents  the  minimum 
observed  Jovian  f lux  dens i ty .  Thus ,  a t  low f requencies  one  of ten  
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observes an apparent continuum emission f r o m  Jupi ter ,  which is 
p u n c t u a t e d  b y  b u r s t s  h a v i n g  i n t e n s i t i e s  much h ighe r  t han  the  
continuum level. 
The dynamic spectrum observations have proved t o  be extremely 
va luable  f o r  the  s tudy  of tempora l  and  f requency  charac te r i s t ics  
of Jov ian   bu r s t s .   Thus ,   t he   f r equency- t ime   cha rac t e r i s t i c s   appea r  
t o  be f ixed  in  the  sys t em 111 coordinates ,  and the combined 
I o  phase and system I11 LCM geometry seem t o  c o n t r o l  t h e  spectral  
behavior  of  the  s igna ls  having  t i m e  sca les  of  minutes  t o  hours. 
S p a t i a l  s t r u c t u r e  is  a l s o  o b s e r v e d  i n  t h e  J o v i a n  b u r s t s ,  t h a t  is ,  
the  t empora l  va r i a t ions  when observed a t  two w e l l  separa ted  
s t a t i o n s  a r e  c o r r e l a t e d ,  b u t  e x h i b i t  a s h i f t  i n  time. Th i s  
behavior  is  a t t r i b u t e d  t o  s c i n t i l l a t i o n s  o f  t h e  J o v i a n  r a d i a t i o n  
caused by e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  i n  t h e  i n t e r p l a n e t a r y  
medium. The i r r e g u l a r i t i e s  of e l e c t r o n  d e n s i t y  a c t  as a random 
d i f f r a c t i n g  s c r e e n  a n d  c a u s e  s c i n t i l l a t i o n s  o f  r a d i o  waves  coming 
from a source  o f  sma l l  angu la r  s i ze  ( typ ica l ly  less than  1 sec of  
a r c ) .  From observa t ions  a t  spaced  s t a t ions  it is  found t h a t  t h e  
individual  Jovian bursts  have bandwidths  between 100 Khz and 1 
MHz, t h a t  is ,  between 1 and 1 0  p e r  c e n t  a t  f r e q u e n c i e s  a r o u n d  
10  MHz. This  bandwidth i s  e i t h e r  i n t r i n s i c  t o  t h e  e m i s s i o n  
mechanism, o r  it may be imposed by t h e  medium between the source 
and t h e  o b s e r v e r ,  t h a t  is, b y  i n t e r p l a n e t a r y  s c i n t i l l a t i o n s .  
Generating Mechanisms of Jovian Decametric Radiation 
S i n c e  t h e  i n t e n s i t y  o f  d e c a m e t r i c  r a d i a t i o  is  very  high, 
of ten  exceeding  an  equivalent   temperature   of  10  OK, and t h e  
r a d i a t i o n  i s  very bursty,  it seems t h a t  any  emission  mechanism 
mus t  r equ i r e  cohe ren t  r ad ia t ion  o f  an  aggrega te  o f  pa r t i c l e s .  
Various coherent mechanisms have been proposed, most of which 
involve  rad ia t ion  near  the  ambient  gyrof requency ,  a r i s ing  f rom 
t h e  i n t e r a c t i o n  o f  a stream of pa r t i c l e s  w i th  the  ambien t  p l a sma .  
The con t ro l  o f  I o  o n  t h e  J o v i a n  r a d i a t i o n  is a g a i n  a t t r i b u t e d  t o  
some kind of  interact ion between I o  and charged par t ic les  i n  t h e  
v i c i n i t y  o f  I o ' s  o rb i t .  The e x a c t  n a t u r e  o f  t h i s  i n t e r a c t i o n  is  
no t  known; sugges t ions  inc lude  the  genera t ion  by  Io  of Alfven 
'waves in  the  Jov ian  magne t i c  f i e ld ,  phys i ca l  co l l i s ions  be tween  
I o  and charged  par t ic les ,  the  " tweaking"  of  some of the  Jov ian  
f i e l d  l i n e s  b y  Io ,  the  in te rac t ion  be tween a magne t i c  f i e ld  
surrounding I o  w i t h  t h e  J o v i a n  f i e l d ,  e tc .  The f r e q u e n c e y  d r i f t  
s t ruc tu re  wh ich  rotates w i t h  t h e  p l a n e t  i n  s y s t e m  I11 coord ina tes  
P 2  
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has  been  a t t r i bu ted  t o  an of fse t  and t i l t e d  magne t i c  f i e ld ;  t he  
d r i f t  seems t o  have a symmetry about system 111 longi tude  = 200°, 
and t o  t h a t  l o n g i t u d e  is  a t t r i b u t e d  a Jovian  magnet ic  po le ;  tha t  
is, the  p l ane  con ta in ing  the  magne t i c  po le s  and t h e  r o t a t i o n a l  
axis passes   through 200° longi tude.  A s  a working  model,  one  can 
imagine  tha t  as I o  rotates  i n  i ts  orbit ,  it causes  a stream of 
p a r t i c l e s  t o  be precipi ta ted from the magnetosphere into the 
lower  ionosphere of J u p i t e r .  The stream reaches a region where 
t h e  stream-plasma i n t e r a c t i o n  t a k e s  p l a c e  and r a d i a t i o n  o c c u r s  
a t  t h e  local gyrof requency .   S ince   the   f ie ld  is  symmetrical   with 
the rotat ional  axis ,  the ambient  gyrofrequency changes as  the 
p l a n e t  rotates. The  low frequency  continuum may, a t  t h e  same 
t i m e ,  a r ise  f r o m  a cont inuous  non-Io  cont ro l led  prec ip i ta t ion  of  
p a r t i c l e s  from the magnetosphere.  
An a l t e r n a t i v e  model involves a magnetosphere which co- 
rotates wi th   the   p lane t ,   d ragging   charged   par t ic les   a long .   S ince  
the  pa r t i c l e s  have  apprec i ab le  angu la r  ve loc i ty ,  t hey  expe r i ence  
bo th   g rav i t a t iona l   ( i nward )  and cent r i fuga l   (ou tward)   forces .  
These forces  balance a t  about 2.3 J o v i a n  r a d i i ;  i n s i d e  t h i s  
r e g i o n  t h e y  a r e  d i s t r i b u t e d  w i t h  a g r a v i t a t i o n a l  s c a l e - h e i g h t  
and o u t s i d e  t h i s  r e g i o n  t h e y  are thrown outward and form a 
f l a t t ened  d i sk .  Th i s  model  would r e q u i r e  r a d i a t i o n  a t  o r  n e a r  
the plasma frequency in the magnetosphere u n l i k e  the gyrofrequency 
mode l s  d i scussed  ea r l i e r .  
P o s s i b l e  Low-Frequency Studies  of  Jovian  Burs t s  
A s  i n  t h e  c a s e  of t h e  sun, two kinds of measurements have 
c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  understanding of  Jovian physics .  
These  are  the  swept-frequency  (continuous  spectrographic)  measure- 
ments  and  polarimetric  measurements,   respectively,  and t h e r e  is  
e v e r y  r e a s o n  t o  b e l i e v e  t h a t  t h e s e  t y p e s  of data ,  taken a t  very 
low frequencies from space may r ep resen t  bo th  a f e a s i b l e  and 
important goal f o r  t h e  LOFT program.  Similar ly ,   in terferometry 
should be used t o  e s t a b l i s h  s o u r c e  p o s i t i o n s  and a n g u l a r  s i z e s  
of Jovian low-frequency emission. 
Jovian radio emission has not been observed below 4 MHz, 
where  the  emis s ion  has  cha rac t e r i s t i c s  sugges t ing  it may be 
occur r ing  a t  the gyrofrequency in  Jupi ter ' s  magnetosphere.  A t  
t ha t  f r equency  the  emis s ion  occur s  nea r  t he  inne r  edge  o f  t he  
reg ion  f r o m  which  the  microwave  rad ia t ion  produced  in  Jupi te r ' s  
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r a d i a t i o n  bel ts  apparent ly  or ig ina tes :  the  decametr ic  emiss ion  
may a l so  cont inue  on  down t o  frequencies  corresponding t o  p o i n t s  
nea r  t he  ou te r  edge  o f  t he  obse rved  r ad ia t ion  bel ts  ( R e f .  15 ) .  
I f  so, the nominal lower l i m i t  of the emission should l i e  below 
1 MHz. 
The measurement of f l u x  d e n s i t y  a t  l o w  f requencies  and t h e  
consequen t  de t e rmina t ion  o f  t he  ove ra l l  shape  o f  t he  in t ens i ty  
spectrum of Jovian decametric emission are of fundamental impor- 
t a n c e  f o r  t h e  i n t e r p r e t a t i o n  of t h i s  r a d i a t i o n .  A s  d iscussed 
ear l ie r ,  t h e r e  seems t o  be a s h a r p  c u t - o f f  a t  a b o u t  40 MHz and 
ths ave rage  in t ens i ty  and  p robab i l i t y  of occurrence increases  
as  t requency decreases  down t o  t h e  low frequency l i m i t  of  about  
10 MHz imposed  by t h e  t e r r e s t r i a l  i o n o s p h e r e .  The ex tens ion  of  
t h i s  spec t rum to  f r equenc ie s  a s  low as  about  1 MHz would be of 
g r e a t  u s e  t o  our  unders tanding  of  the  emiss ion  mechanism and t h e  
spec t rum of  energe t ic  par t ic les  respons ib le  for  the  emiss ion .  
One o f  t h e  d i f f i c u l t i e s  of radio noise measurements a t  l o w  f r e -  
quencies from a s p a c e  v e h i c l e  i n  e a r t h ' s  o r b i t  i s  d u e  t o  t h e  f a c t  
t h a t  i n  t h e  v i c i n i t y  of the  ear th  the  rad io  f requency  envi ronment  
i s  of ten  dominated  by  f requent ,  in tense  solar r a d i o  b u r s t s  and 
no i se   gene ra t ed   i n   t he   t e r r e s t r i a l   magne tosphe re .  However, one 
o f  t he  impor t an t  t echn ica l  f ea tu re s  o f  t he  LOFT w i l l  be t h e  back- 
lobe  suppres s ion  wh ich  p resen t ly  does  no t  ex i s t  i n  t he  s imple  
aerial   systems  of  Radio  Astronomy  Explorers.   Consequently,   one 
w i l l  be ab le  to  measu re  the  in t ens i ty  o f  Jov ian  r ad io  emis s ion  
a t  low f requencies  wi th  much bet ter  accuracy than ever done 
before   f rom a s p a c e  c r a f t .  By making intensi ty   measurements  
over  the range 1 MHz t o  20 MHz, w e  can extend the Jovian radio 
spectrum to  the  range  of  f requencies  not  observable  f rom ear th ,  
s tudy i t s  dependence on planetary rotat ion and posi t ion of  Jovian 
s a t e l l i t e  Io ,  as w e l l  a s  provide  cont inui ty  wi th  s imul taneous  
ground-based observations.  
A s  d i scussed  ea r l i e r ,  t he  Jov ian  decamet r i c  r ad ia t ion  has  a 
long period modulation d u e  t o  t h e  p l a n e t ' s  r o t a t i o n  and the  pos i -  
t i o n  o f  i t s  s a t e l l i t e  Io .  I n  a d d i t i o n ,  t h i s  r a d i a t i o n  shows 
tempora l  var ia t ions  on  a much s h o r t e r  t i m e  sca le .  These  shor t  
t i m e  va r i a t ions  a re  ma in ly  caused  by  sc in t i l l a t i ons  due  to  the  
ionosphere and t h e  i n t e r p l a n e t a r y  medium, and may p a r t l y  be due 
t o  some b a s i c  t e m p o r a l  s t r u c t u r e  i n t r i n s i c  t o  the  source  i t s e l f .  
One pr inciple  advantage of  observat ions from space vehicles  is  
t h a t  t h e  effects  o f  t h e  t e r r e s t r i a l  i o n o s p h e r e  are el iminated.  
T h i s  s i t u a t i o n  is  pa r t i cu la r ly  impor t an t  since a t  p r e s e n t  t h e r e  
30 
is no p r e c i s e  way of separating the low-requency component of t h e  
s c i n t i l l a t i o n  s p e c t r a  due t o  t h e  i n t e r p l a n e t a r y  medium from t h a t  
due t o  t h e  i o n o s p h e r e ,  e s p e c i a l l y  when obse rva t ions  a re  made a t  
o r  below 20 MHz. In  add i t ion ,  t he  " th in  sc reen"  theo ry  o f  i n t e r -  
p l a n e t a r y  s c i n t i l l a t i o n  p r e d i c t s  v e r y  low f r e q u e n c i e s  i n  t h e  
s c i n t i l l a t i o n  power spectra,  which have never been observed. 
I n  any  case ,  t he  low f r equency  in t e rp l ane ta ry  sc in t i l l a t i on  obser- 
va t ions  of  Jovian  rad ia t ion  on  a r o u t i n e  b a s i s  a r e  l i k e l y  t o  p r o -  
v ide  va luable  informat ion  on  the  in te rp lane tary  medium and i t s  
behavior  wi th  ac t iv i ty  on  the  sun .  
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Figure 1. Plasma Frequency in the Extended Solar Corona 
34 
F i g u r e  2. LOFT B a s e l i n e   C o n c e p t  
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Figure 3. Typical Dynamic Spectra of Radio Bursts in the Range of Frequencies 20,000 to 1 MHz 
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Figure 4. Power Spectra of Strong Radio Bursts Compared to Those of the Quiet Sun, 
Slowly Varying Component, Jovian Bursts and Cas A 
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Figure 5. Estimates of the electron density distribution in the solar corona determined by various methods. The shaded areas for the 
polar  andequatorial  distributions  represent  results from optical  eclipse  observations.  The  solidcurves  are  the  models of van de Hulst. 
Optical results from streamers are shown by Newkirk's model (solid curve) and eclipse measurements of Hepburn (dashed curve)and 
Schmidt (shaded area). The estimates from type II and Ill bursts at frequencies of 10 - 201 MHz are shown by the crosses and dots 
and the large shaded area around them (to indicate the experimental error). The solid curve through this area i s  the equatorial maxi- 
mum model o f  van de Hulst  multiplied by a  factor o f  10 (Malitson & Erickson 1966). 
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Figure 6. , Ray Paths in the Solar Corona at 1 MHz, Assuming Certain Electron 
Density Distributions (see Text). 
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Figure 7. Occurrence of Type IV Bursts on Meter and Decimeter Waves as a Function of the Solar 
Cycle. (a) 25 to 240 MHz Data of Sydney; (b) 100 to 580 MHz Data of Michigan and Fort Davis. 
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Figure 8. A Schematic of the Position of Storm Continuum a t  Low Frequencies 
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Figure 9. The Theoretically Computed Radio Spectra for the Orion Nebula and NGC 2024, 
Together with the Observed Flux  Densities 
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Figure 10. Spectra of the Radio Sources Cassiopeia A and Cygnus A. 
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Figure 11. Spectrum of the Radio Source, Taurus A. 
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Figure 12. Spectrum of the Source 3C84 (NGC 1275) 
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Figure 13. Spectrum of the Source 3C66 
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Figure 14. Examples of Radio Source Spectra with Different Spectral Indices u and 
HI1 Absorption < Ne2L > 
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Figure 15. Flux Density Computed at 3 and 5 MHz Relative to That at 10 MHz, 
as a Function of  Spectral Index 
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Figure 17. Dependence of Emission Probability at 10 and 9 MHz on l o  Phase 
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Figure 18. Comparison of the Dependence of 10 MHz and 9 MHz Emission Probability on LCM 
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Figure 19. Plot of Joint Emission Probability as a Function of LCM and lo Phase for all 
Frequencies Observed by the 7.6-41 MHz Boulder Spectrograph. (After Ref. 14.) 
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Figure 20. LCM-IO Phase Joint Emission Probability Distribution at 9 MHz. 
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Slysh (1966), Kosm. Issled. vol. 6, p. 923 
@ Ellis (1965), Radio Science, vol. 69D, P. 1513 
V Erickson (private communication) 
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Figure 21. Possible Spectrum of Jovian Decametric Continuum Radiation 
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